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Abstract
The development of spectro-electrochemical platforms that facilitate the
dynamic analyses of complex catalytic cascade systems was explored in this
research. These systems facilitated multiple modalities of catalysts and were
used as platforms for monitoring catalytic transformations quasi-in situ. The
analytical platforms allowed for the characterization of intermediates and
products using surface-enhanced Raman spectroscopy (SERS). The design and
fabrication of these devices proved to be reproducible, made of materials that
can be manipulated for multiple applications, and incorporate fluid mechanics,
electrochemistry, and multimodal catalysis. Microfluidic technology offers
capabilities for understanding catalytic cascade systems by providing precise
dynamic control of complex chemical reactions.
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Chapter 1
Introduction
Since the beginnings of humanity, there has always been a strong
desire

to

fundamentally

understand

the

chemistries

of

life.

As

technologies have progressed, this desire continues to resonate and has
enabled the studies of complex systems, both chemical and biological.
This has driven the advancement of catalytic systems that have been
studied and subsequently engineered for the production of advanced
materials and energy conversion. These systems can be used to address
demanding problems from the formulation of personalized medicines to
providing sustainable energy. Molecular engineering, synthetic biology,
and the progressive development of complex inorganic materials all have
enormous potential. The combination of different catalytic modalities
(inorganic and organic) allows for precise control of precursors,
intermediates, and products.

1

1.1

Literature Overview
Catalytic cascade systems involve sequential reactions where

multiple catalysts and reagents are incorporated to implement a series of
definitive reaction steps. In our bodies, this phenomenon is simply
termed, “metabolism.” In every cell of a human body, energy is constantly
being transformed. The molecules within these cells invariably carry out
thousands of chemical reactions, linked together in complex pathways.
These metabolic pathways are essentially cascade systems where the
pathway takes in starting molecules, converts them into a series of
intermediates,

and

generates

products.

Anabolic

pathways

are

responsible for building complex molecules like DNA strands from
simpler ones like nucleotides. Conversely, catabolic pathways consume
complex molecules to form simpler ones, releasing energy in the process.
All of the reaction steps within every metabolic pathway are catalyzed by
proteins called enzymes. This highly complex and elegant network of
enzymatic cascade reactions has developed over the course of millions of
years by evolution.
Enzymes have evolved structures that control the transport of
reactants and metabolic pathway intermediates without diffusion into
the bulk environment.1 This management of promoting reactants and
intermediates in specific pathways within the cell is called “substrate
2

channeling.”1,2 There is motivation in the scientific field to mimic these
systems synthetically to develop personalized pharmaceuticals, efficient
energy conversion and storage devices, and more broadly, products that
contribute to the betterment of humanity. These catalytic cascade
systems can be divided into separate categories: those that utilize a
single modality of catalyst, and those that interface two modalities of
catalysts. To date, chemical cascade reactions involving three modalities
of catalysts has never been achieved. The term “modality” refers to the
classification of catalyst – the focus of this dissertation will focus
primarily

on

biological

catalysts

(enzymes),

molecular

catalysts

(organocatalysts), and metallic catalysts. In order to reach success in this
endeavor, the work of other researchers has been reviewed, which has
served as crucial inspiration.

1.1.1 Unimodal Catalyst Cascades
Multicatalyst structures involving a single modality have been
shown to produce similar results to substrate channeling, by producing
high yields of desired products from the efficient use of reactants.1
Biocatalytic cascades are attainable because enzymes have similar
optimal catalytic conditions, requiring analogous temperatures and pH
environments in aqueous buffers.3 Some of these recent developments
3

where enzymes were used to perform cascade reactions are described
here. Wang, et al. reported the utilization of CO2 as a raw material for the
synthesis of useful chemicals and fuels to mitigate the increase in
atmospheric CO2. The multienzyme cascade involved three consecutive
reduction steps. First, CO2 was converted to formic acid by formate
dehydrogenase

(FateDH)

from

Candida boidinii,

formic

acid

was

converted to formaldehyde catalyzed by formaldehyde dehydrogenase
(FaldDH) from Pseudomonas sp., and formaldehyde was converted to
methanol catalyzed by yeast alcohol dehydrogenase (YADH). The
methanol yield was calculated by the consumption of nicotinamide
adenine dinucleoted (NADH), the concentration of which was determined
with a ultraviolet (UV) spectrophotometer.4 Kurumbang, et al. evaluated
how to decrease halogenated hydrocarbons, which are used for
agricultural, industrial and military purposes. They can cause serious
threat to human health and natural ecosystems in the environment. A
synthetic route was assembled to convert the highly toxic recalcitrant
1,2,3-trichloropropane (TCP) to glycerol in a five-step catabolic pathway.
To begin the cascade, TCP was converted to intermediates using a
combination of haloalkane dehalogenase (DhaA) from Rhodococcus
rhodochrous NCIMB 13064 and haloalcohol dehalogenase (HheC). The
intermediates were converted to glycerol by epoxide hydrolase (EchA). A
gas chromatograph with a flame ionization detector (GC-FID) and mass
4

spectrometer (GC-MS) were used to analyze the quantification of TCP and
its metabolites.5 Sattler, et al. studied biocatalyst networks for the
production of amines, which are used in the large-scale production of
dyes

and

polymers.

Primary

alcohols

were

first

oxidized

by

a

thermostable alcohol dehydrogenase from Bacillus stearothermophilus
(ADH-ht) consuming NAD+, which led to the formation of an aldehyde
and NADH. Two ω-transaminase (ω-TA) were used as an amine donor,
one from Chromobacterium violaceum (CV- ωTA) and a variant of an (S)selective ω-TA from Arthrobacter citreus (ArS- ωTA). L-alanine was used
as the amine donor and L-alanine dehydrogenase (AlaDH) from Bacillus
subtilis was used to regenerate the L-alanine and consume ammonia and
NADH. The AlaDH connected the oxidation step with the amination
reduction step to complete the reaction forming amines. The products
were verified with IR spectroscopy,

13C-NMR,

and GC-MS.6 Jakoblinnert

and Rother investigated the synthesis of 1-phenylpropane-1,2-diol as a
model reaction where lyophilized, recombinant whole cells were used as
micro-aqueous reaction vessels for the synthesis of chiral compounds.
First, the carboligation of benzaldehyde and acetaldehyde were catalyzed
by benzaldehyde lyase (BAL) from Pseudomonas fluorescens to yield an
intermediate, which was reduced to vicinal (1R,2R)-1-phenylpropane-1,2diol ((1R,2R)-PPD) by an alcohol dehydrogenase from Ralstonia sp.
(RADH). The diol and benzyl alcohol formation was monitored with chiral
5

phase GC analysis.7 Driven by the global demands for food and the
production of starch-rich cereals, Chun You, et al. demonstrated a onepot enzymatic conversion of cellulose to amylose (starch). Regenerated
amorphous cellulose (RAC) was transformed to amylose by four enzymes:
endoglucanase, cellobiohydrolyase, cellobiose phosphorylase, and alphaglucan phosphorylase from bacterial, fungal, and plant sources.
Synthetic amylose was validated with

13C-NMR

and FTIR.8 To mimic

nature’s cells, Vriezema, et al. used polymersomes to encapsulate
enzymes.

First,

1,2,3,4-tetra-O-acetyl-β-glucopyranose

(Gac4)

was

hydrolyzed by Candida antarctica lipase B (CALB) in bulk. The
intermediates were catalyzed by glucose oxidase (GOX) inside the
polymersomes, and the reaction completed with the formation of 2,2’azinobis(3-ethyl-benzothiazoline-6-sulfonic

acid)

(ABTS·+)

with

horseradish peroxidase (HRP), characterized by UV-Vis spectroscopy and
fluorescence microscopy.9
As synthetic molecules and their corresponding catalysts increase
in

complexity,

the number

of

possible

increases as well.

6

chemical

transformations

1.1.2 Bimodal Catalyst Cascades
Bimodal catalysts take advantage of the individual assets from two
worlds of materials. There are challenges combining these disciplines;
however,

because

while

enzymes

generally

require

aqueous

environments, ambient temperatures, and neutral pH values, other types
of catalysts like metallic catalysts may work best in anaerobic conditions,
basic conditions, and high temperatures. Regardless, researchers have
been successful in advancing the catalytic performance of these complex
hybrid catalysts. Heterogeneous catalysis for cascade systems have been
developed with the following modality pairs: molecular/biological,
molecular/metallic, and biological/metallic catalysts. The results of some
of this work have been investigated.
Bimodal

molecular/biological

catalytic

reactions

have

been

developed to study both synthesis and decomposition reactions. The
electrochemical oxidation of glycerol to CO2 has been demonstrated in a
bimodal catalytic cascade by researchers in Minteer’s group from the
University of Utah. This research combined the molecular catalyst 4amino-TEMPO (TEMPO-NH2) and the enzyme oxalate oxidase (OxOx) to
perform electrochemical experiments in solution.10 It was determined
that there is weak compatibility of the pH range between the TEMPO-NH2
and OxOx so further research was done to oxidize glycerol again;
7

however, with the enzyme oxalate decarboxylase (OxDC) instead of OxOx.
In this reaction scheme, TEMPO-NH2 oxidized glycerol to mesoxalic acid,
and a combination of TEMPO-NH2 and OxDC transformed mesoxalic acid
to glyoxylic acid, oxalic acid, formic acid, and then to CO2. It was found
that the current density of the OxDC increased 8 times and is compatible
with TEMPO-NH2 at a larger pH range when compared to OxOx. The
products were measured with HPLC and

13C-NMR.11

The information

gathered from this research was used to guide the production of the
analytical devices in this dissertation. Namely, the catalysts TEMPO-NH2
and OxDC were both used in this research.
A chemoenzymatic process has been reported by Baer, et al. for the
synthesis of chiral 1,3-diols with two stereogenic centers used as
pharmaceutically active compounds. The reactant 4-chlorobenzaldehyde
underwent chemoenzymatic processes to produce all four stereoisomers
of 1,3-diols. The products were purified with column chromatography
and characterized with

13C-NMR,

IR spectroscopy, mass spectroscopy,

UV spectroscopy, and analytical HPLC.12 The transformation of a
racemate into a single product enantiomer, called “deracemization,” was
studied by chemoenzymatic catalysis by Schrittwieser, et al. The reactant
racemic benzyl-isoquinolines was oxidized in two enantioselective steps
by a berberine bridge enzyme (BBE) and monoamine oxidase (MAO)
followed by a non-selective reduction step by an achiral ammonia-borane
8

complex to yield (S)-berberine derivatives. The products were determined
by HPLC on a chiral stationary phase.13
Metal/molecular catalytic reactions have also been described.
Metal-organic frameworks (MOFs) are porous compounds made of metal
ions or clusters that are coordinated to organic ligands. Zhao, et al. made
core-shell nanostructures with Pd nanoparticle (NP) cores that had
amino-functionalized

isorecticular

MOF-3

(IRMOF-3)

shells.

The

reactants 4-nitrobenzaldehyde and malononitrile were catalyzed by the
IRMOF-3 shells to form an intermediate which was converted to the
product 2-(4-aminobenzylidene)-malononitrile by the PdNP cores. The
products were analyzed with GC-MS.14 The preparation of pyrrolidine
derivatives from a one-pot cascade was reported by Barber, et al. where
the reactant N-p-toluenesulfonyl-protected imine reacts with nitroallene
to yield enantioenriched pyrrolidine with organocatalysts and gold in a
cascade reaction.15
Metal/biological catalytic cascade reactions have been explored
where metallic nanoparticles

were integrated with enzymes.

The

immobilization of an enzyme and a nanometal species into the cavity of a
mesoporous heterogeneous support was studied by Engstrom, et al. To
demonstrate

this

co-immobilization

method,

the

dynamic

kinetic

resolution (DKR) of a primary amine was used as a model reaction. The
9

reactant 1-phenylethylamine, racemic amine, entered the cavity of a
mesoporous support and was exposed to the enzyme Candida antarctica
lipase B (CALB), which led to the selective acylation of the (R)-enantiomer
of the amine. The (R)-amide exited the cavity and the (S)-enantiomer of
the amine was racemized by nanopalladium inside the cavity. The
racemic amine formed again and the process was repeated. The amide of
1-phenylethylamine

was

verified

benzopyran-2-ones)

are

a

class

with
of

GC.16

Coumarins

compounds

that

(2H-1possess

pharmacological properties and have been studied by Suljić and
Pietruszka. Synthetic derivatives of coumarins have been used as drugs
to treat Alzheimer’s disease and depression, and the investigation of the
arylation of diverse 3,4-dihydrocoumarins was the focus of this research.
Starting from various catechols, the catalysts Pd(OH)2/C and laccase
from Agaricus bisporus yielded 3,4-dihydrocoumarins using a continuous
flow system. The products were verified with thin layer chromatography
(TLC), UV absorption, and NMR spectroscopy.17 The synthesis of
Aerangis lactones, an aroma compound characterized as the main odor
component of African white-flower orchids, was studied by Fink, et al. in
a chemoenzymatic sequence. The researchers combined continuous flow
reactors for transition-metal-catalyzed heterogeneous hydrogenation with
subsequent batch biotransformations. The binary catalyst mixture: 5%
Rh/C and Cs2CO3 in a 1:5 w/w ratio converted dihydrojasmone to
10

intermediates,

verified

by

FTIR

spectroscopy.

Cyclododecanone

monooxygenase (CDMO) from Rhodococcus ruber SC1 catalyzed the
intermediates to the natural diastereomer of Aerangis lactone, confirmed
with GC.18
The future of advancing catalytic processes lies in further
development of these catalytic cascade systems. When multiple catalysts
operating under different mechanisms are combined, multiple iterations
of reactions can be reduced, which decreases reaction times and material
loss. Multifunctional catalytic systems have the potential for allowing
different reactions to occur without purification between steps.19 A
similarity of all of these studies is the methods at which the products of
catalysis are measured. The products are all verified on instruments
some distance away from where the actual reactions take place.
Additionally, multimodal catalysts have not been established.

1.2

Motivation
Successful multistep cascade reactions feature high catalytic

selectivity, minimal by-product formation, and the proficiency to not
need separation nor purification of intermediates. The fine-tuned
evolutionary success of enzymatic metabolic cascade reactions has
undeniably manifested into the desire to efficiently perform chemical
11

transformation reactions. To date, multimodal catalytic systems have
never been established. These types of reactions are not widely exploited
due to problems with the compatibility of reaction conditions.20 Each
modality of catalyst has its strengths and much could be gained from the
assimilation of these materials to make hybrid multimodal catalysts.
Analytical spectroscopy for reaction monitoring can be used to observe
molecular speciation changes during catalytic conversions. Reaction
mechanisms and kinetics can be established by studying these reactions
in real-time rather than the off-line methods used in all of the examples
reported. By keeping the reactions in their native states, sample
preparation, sample transferring, sample handling, and purification
steps can be avoided to reduce resources and time for product analysis.
The science of synthetic chemistry (for producing either energy or
physical products) still has the potential for expanding dramatically.
These fundamental studies are limited by the lack of efficient screening
platforms with the ability to support multiple modalities of catalysis. The
engineered platforms presented in this work have been designed to be
simple, inexpensive, and modular such that they can be configured to
support a variety of chemical conversion reactions. This concept
represents a powerful approach towards designing multifunctional
platforms for mulit-step chemical reactions. This is the first attempt to
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use rationally designed and assembled paper strips to study multimodal
catalytic cascade systems.
The proposed research provides a thoughtful approach for
studying multimodal catalysts in series. The techniques described
provide methods for quasi-in situ product analysis without having to
transfer the catalytically converted products to another environment.
Additionally, the techniques described may be further expanded in the
future to provide techniques for studying catalytic transformations in
situ, allowing chemical kinetic information to be extracted. Absorption
spectroscopies using X-ray radiation,21 UV-Vis,22 and Fourier transform
infrared spectroscopy (FTIR),23

are techniques that can be used for

studying in situ catalyzed reactions; however, they are limited to studying
certain types of systems. X-ray absorption spectroscopy is limited to
characterizing systems that have heavier elements, UV-Vis provides
limited chemical information, and infrared spectroscopy suffers from
strong water absorption in aqueous systems. Electron energy loss
spectroscopy (EELS) can detect molecules bound to model surfaces, but
requires ultrahigh vacuum environments and cannot be used to replicate
actual conditions for catalytic reactions at or above atmospheric pressure
or in liquid environments.24 Monitoring heterogeneously catalyzed
reactions is a challenge for the following reasons: (i) the reaction systems
encompass the liquid/gas reaction solution as well as the solid catalyst,
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(ii) the solution-catalyst interface is where the chemical transformations
occur, and (iii) reaction intermediates are difficult to separate.25 Surfaceenhanced Raman spectroscopy (SERS) can meet these demands with
high sensitivity, surface selectivity, and high chemical specificity.
To evaluate these concepts, the full oxidation of glycerol has been
studied where a molecular catalyst, biological catalyst, and metallic
catalyst have been combined in a single platform to promote a sequence
of precisely staged catalytic steps in a complex cascade reaction scheme.

1.3

Research Aims
Motivation

for

the

development

of

spectro-electrochemical

microfluidic systems came from the desire to advance knowledge and
understanding across different fields. This dissertation combined four
areas

of

research: (i)

multimodal

catalytic

cascade

systems,

(ii)

microfluidic paper-based devices, (iii) electrochemistry, and (iv) SERS.
The development of microfluidic spectro-electrochemical devices capable
of supporting multimodal catalysts has been explored. This doctoral
research was approached with four aims:
1. Develop modular and adaptable paper-based platforms to support
biological, molecular, and metallic catalysts so complex cascade
reactions can be studied.
14

2. Engineer SERS substrates to be sensitive enough to detect minute
chemical differences between analytes while being simple to
synthesize.
3. Devise a method for integrating electrodes into paper-based
platforms that support electrocatalysts and be connected to a
potentiostat for cyclic voltammogram (CV) measurements while
oxidation and reduction reactions occur.
4. Incorporate SERS substrates and electrodes into the paper-based
platforms to form spectro-electrochemical platforms that support
multimodal catalysis controlled with electrochemical methods and
microfluidics with product characterization using SERS.
The full oxidation of glycerol was chosen as a model reaction to
evaluate the usage of multimodal catalysts in cascade reactions. A
molecular catalyst oxidized glycerol to mesoxalic acid through the
sequential oxidation of 5 steps. A biological catalyst converted mesoxalic
acid to glyoxylic acid. A molecular catalyst oxidized glyoxylic acid to
oxalic acid. A biological catalyst converted oxalic acid to formic acid. A
metallic catalyst completed the full oxidation of glycerol by oxidizing
formic acid to carbon dioxide. These cascade reactions are shown in
Figure 1.
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Figure 1: Proposed mechanism of the oxidation of glycerol: (1)
glycerol, (2) glyceraldehyde, (3a) glyceric acid, (3b) 2hydroxymalonaldehyde, (4) 2-hydroxy-3-oxopropanoic acid,
(5) tartronic acid, (6) mesoxalic acid, (7) glyoxylic acid, (8)
oxalic acid, and (9) formic acid.
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Chapter 2
Background
Microfluidic, multiplexed paper-based devices for the spectroelectrochemical detection of analytes in a multi-modal, multi-step
catalyst cascade system have never been developed to date. This is due
to the difficulties that arise when different active species interact; global
synthetic sequences can cause deactivation in the catalysts. The active
centers of each catalyst need to be compatible with the solvents,
intermediates, and substrates that coexist from preceding steps.20
Establishing a common operational window for connecting individual
reactions is met with difficulties that increase with the number of
catalysts and the number of modalities introduced. In nature, multi-step
cascade reactions occur all of the time; the cells of our bodies are
remarkable at transforming energy in thousands of chemical reactions
using multienzymatic systems. These reactions in nature have modeled
the development of synthetic systems, the advancement of which are a
new and exciting domain. This project integrates multiple fields of
17

research and will hopefully advance the methods in which catalytic
cascade systems can be studied.
In this research, three catalytic modalities were used to promote
mechanistically distinct reaction steps and include the two catalysts
studied by the Minteer group (TEMPO-NH2 and OxDC) along with a
metallic catalyst, palladium deposited on 3D graphene nanosheets
(Pd/3D-GNS). It is a long-term goal to be able to combine these catalysts
in a one-pot synthesis where the full oxidation of glycerol can occur
within a single vessel and the reaction mechanisms can be studied in
situ. The work presented in this dissertation is a stepping-stone to
achieving that aim.

2.1

Paper for Microfluidic Devices
Porous media is the three-dimensional interconnected network of

capillary channels of non-uniform shape and size. Paper is used
ubiquitously in our lives, from the pages of books propagating
information to paper towels cleaning up spills in the kitchen. The
potential utility of paper beyond these traditional means stems from its
physical properties.
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2.1.1 Paper-based Microfluidics
Microfluidic technology is the control and manipulation of small
amounts of fluids from microliters (10-6) to picoliters (10-12) in
micrometer-sized channels; devices that employ fluid flow in a porous
medium are considered microfluidic devices due to their pore sizes.26
Paper has many advantages to other microfluidic substrates (glass,
silicon, or PDMS) including its biodegradability, biocompatibility, high
surface-to-volume ratio, its price, flexibility, and ease of modification.
The use of paper is useful to the scientific community and can be applied
in practical applications as well. Various devices have been demonstrated
using paper as a platform including microbial fuel cells,27–30 sensors,31
batteries,32,33 and supercapacitors.34 Paper-based systems are well suited
as screening platforms for catalysts. The 3D fibrous structures do not
tear when folded, low reactants and solvents are needed for full
experiments, and exact volumes of reagents can be stored inside the
paper matrix for storage and delivery.35 For microfluidic systems made of
glass, silicon, or PDMS, the fluid flow is forced requiring pumps and
furthermore, sometimes air bubbles in the channels prevent continuous
fluid flow. Paper allows for free diffusion of gas throughout the material36
and aqueous fluids flow by capillary action. In the channels of paper,
fluid flows laminarly; it has been shown that when two fluid streams
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come together in a microchannel, they flow in parallel without mixing.37
The only mixing that occurs is from diffusion of molecules across the
interface between the fluids.26 Paper has a high surface-to-volume ratio
so enzymes and other catalysts can be easily immobilized to the cellulose
structure. Finally, paper is recyclable and can rapidly be degraded by
microorganisms38,39 or incinerated if used with biological materials.
Additionally, it is renewable and earth-abundant40 allowing it to play
significant roles in future energy and environmental challenges.
To promote directionality of fluid flow, there are numerous
methods for creating channels in paper. These channels have been
fabricated by methods of embossing,41 plasma treatment,42 laser
etching,43 wax printing,44,45 photolithography,46,47 and cutting papers and
laminating with plastic films.48–50 Wax printing was a method considered
for this research due to its simplicity; however, wax bleeds into the paper
channels and channel width precision was difficult to achieve. The
method of fabrication chosen for this research was to use a computercontrolled knife plotter to shape the paper into strips, which can be
performed

at

low

cost

and

offer high-throughput.

There

is

no

contamination from chemicals, the technique is applicable in resourcelimited locations, and fabrications of 3D structures are possible by
stacking papers and tape. By cutting paper strips and stacking with
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plastic films, it was simple to create modular systems specialized for
desired reactions.

2.1.2 Paper-based Analytical Devices
Lateral flow assays are a classification of paper-based devices
typically for monitoring pathogens, drugs, hormones and metabolites
qualitatively.51 They were first introduced in 1957 for urinalysis to detect
glucose.52 These devices employ strips of a carrier material that contain
dry reagents activated by the movement of a liquid sample. The most
common application of such devices is the pregnancy test.51,53
The first microfluidic paper-based analytical device (µPAD) for
quantitative chemical analysis was reported by Martinez, et al. in 2007
where a hydrophobic patterning reagent was used to define hydrophilic
flow channels that directed a liquid sample from an inlet to a defined
location for subsequent analysis. This microfluidic platform enabled fluid
control including injection, transportation, and flow rate management in
paper.46 More recent developments in paper-based microfluidics continue
to be an emerging field. A significant amount of research has gone into
the production of µPADs for enzyme catalyzed reactions, mainly for the
purpose of diagnosis of disease in developing countries.48,54–57 The
detection and identification of common foodborne pathogens Escherichia
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coli, Salmonella spp., and Listeria monocytogenes has been reported.58
Environmental monitoring has also been reported using µPADs.59–61
Detection of analytes is done typically by calorimetric detection; the
intensity of the color that develops is a function of the concentration of
the analyte.

2.1.3 Paper-based Electrochemical Devices
The fabrication of microfluidic paper-based electrochemical devices
(µPEDs)

as

biological

and

chemical

quantitative electrochemical data.31,62

sensors

emerged

to

obtain

Electrodes and circuits can be

painted,63 printed with an ink-jet printer,64,65 screen-printed,44,66–69
applied with adhesive tape and stencils,70 applied by electron beam
evaporation,71 laser annealed,72 and applied with photolithography,73,74
among other techniques. A method of stencil-printing electrodes into a
paper platform exhibiting quasi-stationary flow for electrocatalysis has
been developed for this project. The electrochemical performances of the
molecular and metallic electrocatalysts were characterized using cyclic
voltammetry. The unique properties of paper allowed passive liquid
transport and compatibility with both enzymes and electrocatalysts.
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2.2

Raman Spectroscopy
Raman spectroscopy is a non-destructive technique used for

determining the chemical composition and structure of analytes by
monitoring their molecular vibrations using a laser. This laser light is
made of photons carrying electromagnetic force. When the electrons
within the analytes are irradiated with photons and their nuclei begin to
move, inelastic Raman scattering occurs. Intense Raman scattering is
produced from vibrations that change the polarizability of the electron
cloud in a chemical bond during these inelastic collisions with the laser’s
photons. Raman scattering originates from nonpolar bonds having
symmetrical charge distributions and symmetric vibrations.75 Raman
scattering is a rare phenomenon and from all scattered photons, only one
in 106-108 photons are Raman scattered.76
Raman spectroscopy has been used by researchers for sequential
reaction monitoring. Ultraviolet resonance Raman (UVRR) spectroscopy
involves the enhancement of Raman scattering by UV (244 nm) and was
used for monitoring biocatalytic reactions by the Goodacre group. First,
the conversion of nitriles to their corresponding amines by the enzyme
nitrile hydratase (NHase) was performed. Second, the oxidation of various
substrates was shown in multiple reaction steps, catalyzed by xanthine
oxidase. To monitor the bioreactions, the reaction vessel was focused
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under the microscope objective and the reactions were initiated by
introduction of the enzyme. The Raman spectra were measured
incrementally for molecular specific information.77 Real-time Raman
monitoring of reactions performed in continuous flow was conducted by
using a custom-built apparatus by Hamlin and Leadbeater. In this study,
the reaction of salicylaldehyde and ethyl aceto-acetate to form 3-acetyl
coumarin was conducted by varying the reaction conditions. Product
conversions were quantified by comparing the results to a Raman
calibration

curve.

The

condensation

of

benzaldehyde

and

ethyl

acetoacetate to yield (Z)-ethyl 2-benzylidene-3-oxobutanoate was also
studied, among two more reactions showcasing the apparatus.78
Raman scattering is a weak process, where the incident photons
are quickly re-radiated due to poor stability at the virtual state, so a large
amount of material is required to record meaningful spectral data.79 The
use of SERS takes advantage of the benefits of Raman spectroscopy while
enhancing the spectroscopic signal dramatically.

2.3

Surface-enhanced Raman Spectroscopy
Surface-enhanced

Raman

spectroscopy

is

a

technique

that

provides molecular information through dramatically enhancing Raman
scattering from minute amounts of sample near nanostructured metallic
24

surfaces due to the electromagnetic interaction of light with these metals.
SERS was first observed in 1973 when pyridine was adsorbed onto a
roughened silver electrode and analyzed by Raman.80 In 1985, Moskovitz
proposed that metals providing the greatest enhancements are alkali
metals (Group IA: Li, Na, K, Rb, Cs, and Fr) and coinage metals (Group
1B: Cu, Ag, and Au).81 The SERS effect is attributed to two mechanisms:
(i) electromagnetic enhancement generated at or near the metallic
nanostructured surfaces and (ii) the chemical or physical absorption of
the analyte to the metallic surface. Laser light acts as an external driving
force as an electromagnetic wave that resonantly excited delocalized
conduction electrons in a metal, called plasma oscillations. These large
amplifications of the laser field are called surface plasmon resonances
(SPR). SERS signals are expected when both the frequency of the incident
laser approach the SPR conditions.82
The fabrication of SERS substrates requires the right degree of
metallic nanostructure particle aggregation, the right size of metal
colloids, and homogenous distribution of the analytes on the metal
surfaces.83–85 Advanced methods of SERS fabrication involving preparing
metallic nanostructures at high temperatures like lithography can be
expensive, time-consuming, and involve sophisticated steps.20,86 To
overcome these issues, SERS can also be produced by synthesizing
plasmonic

nanoparticles

supported
25

on

substrates.87

SERS

is

an

advantageous technique in many fields, and is a suitable for the studies
in this research involving analytes in the millimolar range consisting of
atoms with low atomic polarizability.
Methods for studying chemical reaction in situ with SERS have
been developed by a few research groups. One such method by Xie, et al.
involved

implementing

gold

nanoparticles

as

both

plasmonic

superstructures and catalytic sites. The integration of small, catalytically
active Au NPs with SERS-active large Au NPs formed bifunctional metal
superstrucures. These catalysts were used to reduce 4-nitrothiophenol
(4-NTP) to its aniline derivative (4-ATP). The in situ SERS characterization
was monitored by adding sodium borohydride to the colloidal suspension
and the SERS signal was collected at different reaction times.25 Direct
SERS study of the catalytic hydrodechlorination of 1,1-dichloroethane in
water was studied by Heck, et al. using Au nanoshell SERS substrates
and a Pd catalyst. The Au nanoshells had ~10% coverage of Pd atoms,
which provided as the binding sites for the adsorbate species. The
detection and identification of intermediates in water under ambient
conditions was observed in situ.24 Sequential chemical reactions driven
by an applied potential were realized in an aqueous environment by
Zhang, et al. It was shown that 4-nitrothioanisole (4NTA) was converted
into 4-nitrobenzenethiol (4NBT) on a SERS substrate.88 Potential-driven
reduction

reactions

of

4,4’-dinitroazobenzene
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(DNAB),

4,4’-

diaminoazobenzen (DAAB), and 4-nitro-4’-aminoazobenzene (NAAB) were
investigated with electrochemical SERS by Cui, et al. The chemical
reactions of NH2 and NO2 groups in an aqueous environment were
studied by varying the potentials and recording the SERS spectra.89
Raman instruments can be equipped with a variety of laser
wavelengths, including 532 nm (green), 633 nm (red-orange), 660 nm
(red), and 785 nm (near infra-red). The confocal Raman used in this
research is supplied with a laser of 532 nm, which correlates best with
silver nanoparticles because colloidal silver is yellow (570-590 nm). A
new method of making SERS substrates that takes less than 15 minutes
when all of the solutions have been made has been devised for this
research and involves the fabrication of silver nanoparticles. SERS has
proved to be a highly satisfactory technique for this research because it
exploits high spectroscopic enhancements, sensitivity, surface-selectivity,
and ease of implementation.
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Chapter 3
Spectro-electrochemical Platforms
This research explores new methods for the characterization of
analytes directly after reactions, coupled with electrochemical control of
the systems. The chemical functionality of the catalysts within porous
architectures has been studied. An interconnected 3D multiplexed
framework has been designed and the selective functionalization of each
catalytic reaction layer has been developed individually to allow
independent optimization of catalytic specificity. The design yields itself
to spatial compartmentalization and directed molecular transport
between catalytic reaction sites for control over the reaction sequence in
multiple catalytic cascades.
Microscale analytical chemistry techniques are an attractive
technology because they present new capabilities in the manipulation of
minute concentrations of molecules in space and time. Complete
laboratory experiments can be achieved on a single device within an area
of a few square centimeters. Furthermore, only small quantities of
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reactant and catalysts are needed to study full reactions. The platforms
can be fabricated at low cost, have small carbon footprints, and promote
overall process simplicity saving time, energy, and resources. Coupling
microfluidic devices with the capabilities of lasers in optical detection
makes it possible to achieve high molecular specificity and high
sensitivity. Analytical devices developed out of paper have been
constructed, capable of supporting both biocatalytic and electrocatalytic
reactions.

3.1

Analytical System Design Approach
Fabrication of the analytical platforms begins by first cutting paper

into the shape of a fan as shown in Figure 2. The analytical platforms
have four main components: (i) a liquid inlet for introducing a reagent, (ii)
catalytic reaction zones, (iii) analyte detection zones, and (iv) a fan outlet.
After assembling the components within the platform (immobilizing the
catalysts, incorporating SERS substrates, and stencil-printing the
electrodes), the reactant inlet end of the device is folded down and dipped
into a liquid reservoir containing the first reagent. As an example, for the
reaction ABCD, a liquid reagent “A” flows by capillary action
laterally through the porous media and reacts at the first catalytic
reaction zone (orange section) where analyte “A” will get converted to
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analyte “B.” Analyte “B” will get detected at the first SERS detection zone.
It will continue flowing through the porous media to continue to react at
the next catalytic reaction zones and every new product will be analyzed
at

the

successive

detection

zones

in

an

iterative

manner.

The

advancement of liquid analytes is driven by capillary pressure due to the
curvature of the liquid-gas interface in each individual pore and quasistationary flow is achieved by continuous evaporation at the fan outlet.

Figure 2: Aerial schematic of the components of the analytical
device including: a reagent inlet, catalytic reaction zones,
SERS detection zones, and a fan outlet.

The devices were assembled by stacking layers of plastic films with
the catalytic reaction platforms as shown in Figures 3a and b. The
plastic films provided a means of securing multiple layers of paper
together, prevented unwanted evaporation in the vertical directions, and
increased the structural stability of the platforms. Completed devices
were introduced to a liquid reagent (Figure 3c) and placed under the
Raman microscope (Figure 3d) for analysis. SERS characterization of the
spatially separated analytes was acquired at the detection zones. The
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measurement of spectra at the different SERS detection zones was
achieved by moving the platform on the motorized scan stage of the
Raman instrument.

(a)

(b)

Top
protec ve film

Oblique Expanded View

(d)

Cataly c
Pla orm

Bo om
protec ve film

(c)

Figure 3: Assembly of the analytical device: (a) platform in an
expanded aerial view, (b) platform in an expanded oblique
view, (c) completed device when introduced to a liquid
reagent, and (d) schematic of SERS acquisition of catalytic
transformations at the SERS detection zones.

After the catalytic transformations, the intermediates and products
were analyzed quasi-in situ spectroscopically using a confocal Raman
microscope. The term “quasi-in situ” refers to the occurrence of the
analytes being detected within seconds to minutes after they have been
catalytically transformed. The resulting information provided moleculespecific information nondestructively where each spectrum was the
molecular

fingerprint

of

the

analytes

and

was

used

for

data

interpretation and verification. It is anticipated that the knowledge
gained from this study will influence further research on fabricating
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modular platforms that support multimodal catalysis. This research aims
to provide fundamental knowledge on how these types of platforms can
work, and act as a stepping stone for more targeted research.

3.2

Platform Geometry
Each analytical platform was cut into the shape of a fan, where

fluid encountered a sudden expansion at the end of the device. This
design was based on the work of Mendez, et al. in which lateral flow tests
were conducted based on thin porous membranes of 2D fan shapes.90
Quasi-stationary flow was achieved using a fan-shaped device where flow
was sustained over time and the driving force for the imbibition of the
substrate was capillary suction pressure and evaporation.34,91 Cellulose
paper is composed of a fibrous matrix with average fiber diameter of 1100 µm and average pore sizes of 1-25 µm. This micrometric pore size
results in Reynolds numbers less than 1. Laminar flow where the viscous
forces dominate results in flow velocity dependent on the equilibrium
between viscous resistance and surface tension.92 Darcy’s Law describes
1D flow of incompressible Newtonian fluids (constant viscosity and
density) liquid in porous media.91 Darcy’s law can describe 1D lateral
flow in paper strips where the elevation is constant and gravity and
inertial effects are neglected and can be reduced to a linear relationship
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between the volumetric flow rate (Q) and the pressure gradient (ΔP) over
the length (L) of the paper strip as shown in Equation 1.91,92

𝑄=−

𝐴𝑃𝑀 𝜅
∆𝑃
µ𝐿

Equation 1

In Equation 1, APM is the cross sectional area of porous media, κ is
the permeability of porous media (m2), and µ is the dynamic viscosity
(Pa·s). The time (t) required for a liquid front to travel a distance for a
constant cross-sectional area or channel width can be found with
Equation 2.92

𝑡=

𝑉
𝑉𝜇𝐿
=
𝑄 𝜅𝐴𝑃𝑀 ∆𝑃

Equation 2

In Equation 2, V is the volume of liquid at time t. Since imbibitiondriven flow changes as a function of time, the Lucas-Washburn equation
(Equation 3) may be a better descriptor of the fluid mechanics within the
devices. It describes the distance moved by the liquid front in a paper
strip. The Lucas-Washburn equation has been derived by combining
Hagen-Poiseuille flow (fluid flow through a pipe) and Darcy’s Law and
describes capillary-driven flow in porous media with respect to time.90,91

𝜅𝛾 𝑐𝑜𝑠 𝜃
𝑥𝑃𝑀 (𝑡) = 2√
𝜑µ𝑟𝑚
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Equation 3

In Equation 3, 𝑥𝑃𝑀 is the distance of the wetted area, κ is the
permeability of porous media, γ is the surface tension between the fluid
and the porous media, θ is the contact angle of the liquid with the
material, φ is the material porosity, and rm is the mean pore radius.
According to this equation, the velocity of the liquid front decrease with
time due to viscous resistance. Exact analytical results for flow in porous
media in fan shapes have been published. The position of the wetted
front and the bulk flow rate in porous media as functions of time have
been derived by Benner and Petsev at the University of New Mexico.91

3.3

Paper Types
The choice of paper for the purposes of this research was driven by

its wicking properties for rapid uptake at the inlet and successive
transport of analytes from catalytic reactions to SERS detection zones.
Paper has unique mechanical and structural properties: flexibility,
lightness, absorbency, air permeability, high surface-to-volume ratio,
biocompatibility, and biodegradability. The platforms for this research
consisted of catalyst reaction zones, stencil-printed electrodes, SERS
detection zones, and fluid transfer zones – all supported on various paper
types. Different papers were used in the same device by simply aligning
different pieces of porous media orthogonally to one another. Alternating
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the types of papers within the same device did not hinder the fluid flow,
although the flow rates changed across different paper types.
The main constituent of paper is cellulose fiber. Cellulose is
composed of a homopolymer of (1-4)-β-glucopyranose linked by acetal
bonds to form long β-1,4-glucan chains92 as shown in Figure 4.

Figure 4: Cellulose chemical structure.

There are hydroxyl groups on these chains, making paper
hydrophilic with a negative charge, thus paper can only adsorb cationic
molecules unless it is chemically modified. The functional groups of
cellulose paper are the reducing end of the cellulose ring and a backbone
of hydroxyl groups. The hydroxyl groups are involved in the reactions
involved in catalyst immobilization. Since the carbon at position 3 is
involved in intramolecular hydrogen bonding, it is the OH-groups at
positions 2 and 6 that are most reactive.93 For the electrocatalysts
TEMPO-NH2 and Pd/3D-GNS, catalyst immobilization occurred within
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the

pores

of

stencil-printed

electrodes.

The

enzyme

OxDC

was

immobilized directly onto Whatman Chromatography paper, No. 1
(Whatman Chrom. 1) because it consists of 98% α-cellulose with no
additives to reduce any chemical interference.94 Whatman Chrom. 1 also
has a smooth surface, offers a medium flow rate, and is uniform on both
sides. All other reactions were performed on filter papers for the desired
flow rates and thicknesses.

Materials
The porous media types studied were filter papers (Whatman Filter
1, Whatman Filter 2, Whatman Filter 4, Whatman Filter 5, and Whatman
Filter 42), and chromatography paper (Whatman cellulose grade 1
chromatography paper), purchased from Sigma-Aldrich. VWR 415 filter
paper was purchased from VWR. Parameters of these paper types are
shown in Table 1, where “pore size” represents the particle retention size.

Table 1: Paper Types
Paper
Whatman
Whatman
Whatman
Whatman

Filter
Filter
Filter
Filter

Thickness
1
2
4
5

180
190
205
200

µm
µm
µm
µm

Pore Size
11 µm
8 µm
20 – 25 µm
2.5 µm

Whatman Filter 42

180 µm

8 µm

Whatman Chrom. 1
VWR 415

170 µm
270 µm

2.5 µm
25 µm
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Material
Cellulose
Cellulose
Cellulose
Cellulose
Cotton
Filters
Cellulose
Cellulose

Methods
The porous media and plastic films were cut with a computercontrolled knife plotter (Graphtec FC7000-75, Western Graphtec Inc.,
Irvine, CA). Adobe Illustrator® was used to design the patterns cut by the
plotter. The knife plotter settings were adjusted according to both the
depth of the material to be cut and the type of porous medium being
shaped. The parameters affecting the knife plotting operations are: force,
speed, offset, and quality. The force parameter is the cutting force
applied during a cutting operation. The speed parameter is the speed at
which the plotting operation takes place. The quality parameter is the
acceleration used during cutting. The offset parameter adjusts the offset
of the cutter blade to suit the type of blade used. The knife plotter
settings for the different material types are shown in Table 2.

Table 2: Knife Plotter Settings
Material

Force

Speed

Quality

Offset

9
10
10
10
9
9
12
20
18

10
4
3
3
10
10
2
1
4

2
2
2
2
2
2
2
1
1

-2
-3
-2
-3
-3
-3
-3
0
-2

Whatman Filter 1
Whatman Filter 2
Whatman Filter 4
Whatman Filter 5
Whatman Filter 42
Whatman Chrom. 1
VWR 415
Plastic protective films
Double-sided adhesive
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3.4

Stencil-printed Electrodes
The spectro-electrochemical devices provide fluid handling and are

designed to support electrodes. In an electrolytic cell, an electric current
drives a redox reaction that would normally not occur spontaneously. In
the cascade reaction scheme, the TEMPO-NH2 and Pd/3D-GNS catalysts
are electrocatalysts requiring an external voltage source for successful
operation. A potentiostat was used to maintain a constant potential
difference between a working electrode (WE) and a reference electrode
(RE). A counter electrode (CE) was used to pass the same current as the
working electrode (with opposite sign) to drive the needed current. This
project is unique because these electrodes are not used in a typical
three-electrode setup where the electrodes are fully immersed in a liquid
electrolyte solution.
Electrodes were stencil-printed directly into the porous media. The
RE was printed with silver/silver chloride (Ag/AgCl) ink. The WE and CE
were printed with carbon ink. After the inks were cured, the
electrocatalysts were deposited and dried directly into the WE. This
method provided tight adhesion of active materials on the carbon
electrodes. To begin the reactions, the tip of the platform was folded
down and inserted into the reagent reservoir. The analytes flowed
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through the paper platform and through the electrodes where the
catalytic transformations occurred by varying the potential.

Materials
Carbon ink (C-220) and silver/silver chloride ink (AGCL-675C)
were used as received from Applied Ink Solutions (Hudson, NH). Doublesided adhesive tape (B008QHBL8Y, Silhouette) was used for the electrode
stencils and purchased from Amazon. Disposable glass capillary tubes
were purchased from VWR and were used to deposit the inks to the
electrodes, but any device could be employed for this purpose. A plastic
card was used to distribute the inks into the electrode stencils; again,
any type of flat, squeegee-like tool could have been used for this purpose.

Methods
A three-electrode pattern was designed using Adobe Illustrator®
followed by cutting the electrode pattern into double-sided adhesive tape
using a knife plotter. The design of the platform allowed for reproducible
conformal contact between the electrodes and the paper channels. The
RE and WE were 1 mm apart to minimize the effect of uncompensated
resistance; the CE was larger than the WE and RE to allow unlimited
current transfer in the circuit.68 Among the several reference electrodes
available, the Ag/AgCl reference electrode was used due to its simplicity
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of construction, stability, and safety. The conductive pads were printed
with Ag/AgCl ink and made to be 25 mm long, so they could be folded in
half allowing conformal contact between the alligator clips from the
potentiostat and the electrodes.
Porous media was first cut into the shape of a fan as described
previously. The double-sided adhesive used has two protective sheets (a
top and bottom layer that enclose the adhesive). First, the double-sided
adhesive was cut with the knife plotter in what is called a “kiss cut”
where only the top protective layer was cut leaving the double-sided
adhesive intact (Figure 5a). After the kiss cuts were made, the electrode
stencils were passed through the knife plotter once again to cut through
the double-sided adhesive leaving the backing exposed only where the
porous media was placed (Figure 5b). The regions where the top
protective layer and adhesive were cut for the paper were removed with
forceps. The top protective layer and double-sided adhesive layer were
held together and separated from the back protective layer. The porous
media was placed into the stencil, sandwiched between the adhesive
layer and the back protective layer. The porous media was mounted
securely in the electrode stencil as shown in Figure 5c. The procedure for
stencil-printing the carbon electrode ink involved depositing the ink into
the stencil at the working and counter electrode slots using a glass
capillary tube. A plastic card was used to spread the ink in the stencil
40

and smoothly fill the apertures (Figure 5d). The platform was placed in a
heater at 75°C for 30 minutes to cure. The top protective layer sections
on the reference electrode and the conductive pads were removed (Figure
5e). Ag/AgCl ink was stencil-printed and cured as before (Figure 5f).
Finally, the top protective layer was completely removed (Figure 5g). The
bottom protective sheet was left in place to provide structural stability for
the electrodes. The resulting porous media platform had electrodes
directly stencil-printed into its pores.

Figure 5: Schematic of the stencil-printed electrode fabrication
procedure. (a) The top protective sheet was cut to form the
electrode stencils, (b) the double-sided adhesive was cut in
the electrode locations and removed to expose the bottom
protective sheet, (c) the porous media platform was placed
securely between the bottom protective sheet and the
double-sided adhesive, (d) carbon ink was deposited into the
WE and CE sections and cured at 75°C for 30 minutes, (e)
the top protective sheet was removed to expose the contact
pad locations and the RE section, (f) Ag/AgCl ink was
applied to the apertures and the platform was cured at 75°C
for 30 minutes, (g) the top protective sheet was completely
removed leaving the stencil-printed electrodes.
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From the schematic, it may appear that the carbon ink and
Ag/AgCl ink could be applied in one step; however, in practice, these
events needed to occur separately to prevent the wet inks from mixing
with one another. Furthermore, it was necessary to remove the top
protective sheet after the inks were cured because in the stencil-printing
process, the inks smeared across the stencils. By removing the top
protective sheet, the electrodes were electrically isolated.

Multiple

components could be cut from a single sheet to scale up fabrication
times. For this specific design of electrodes, 18 electrode sets (where 1
electrode set included a RE, WE, and CE) could be cut from a single
sheet of double-adhesive paper.

Electrochemical Measurements
The analytes were able to pass through the electrodes in conformal
contact with the catalysts and cyclic voltammetry data were collected.
Cyclic voltammograms (CV) were used to determine the catalytic
performance of the electrocatalysts. Rotating ring-disk electrode (RRDE)
techniques are the classic method of evaluating electrocatalysts. RRDE is
a method of studying electrochemical reactions where the species
generated

at

the

disk

electrode

can

be

detected

virtually

simultaneously.95 A BioLogic SP-50 potentiostat was used for all
electrochemical

measurements.

Chronoamperometry
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is

an

electrochemical technique where a potential is held constant and the
current output versus time is measured. It reflects the charge transfer to
and from redox-active species. Chronoamperometry has been shown to
offer a better signal-to-noise ratio than other electrochemical techniques
in experiments involving thin slabs of fluids.44 These experiments begin
with a large initial capacitive current that decays within 1-2 seconds;
Faradaic current proportional to the concentration of the analyte
dominates.96 An optimal voltage that maximizes the current output of the
electrocatalysts was found for each electrocatalyst. Chronoamperometry
was used to hold the electrocatalysts at this potential and the products
from the electrochemical reactions were collected.

Discussion
The electrode geometry was adjusted to ensure the measured
currents fit the desired range of potentials for the electrocatalysts. The
electrical current, i, of the system is linearly proportional to the surface
area of the electrode, A, as defined by the Cottrell equation96 shown in
Equation 4.

𝑖=

𝑛𝑒 − 𝐹𝐴𝑐𝑖 √𝐷
√𝜋𝑡
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Equation 4

The current decays as t-1/2 where current is measure in amperes,
neˉ is the number of electrons to reduce/oxidize one molecule of analyte,
F is the Faraday constant (96,485 Coulombs/mol), A is the area of the
electrode in cm2, ci is the initial concentration of the reducible analyte
(mol/cm3), D is the diffusion coefficient for the species (cm2/sec) and
time t is measured in seconds. The electrode dimensions are shown in
Figure 6.

Figure 6: (a) Geometry of stencil-printed electrodes and (b)
photograph of an electrochemical platform connected to the
potentiostat.

The Ag/AgCl electrode ink contained hydrophobic solvents, which
prevented the flow of the reactants through the electrodes. To overcome
this, it was found that depositing 2 µL of isopropyl alcohol (IPA) onto the
RE introduces hydroxyl groups to the inner pores of the electrode. The
hydroxyl groups increased the hydrophilicity of the electrode and allowed
the analytes to flow freely into the porous surface of the WE. This
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increase in contact area between the analytes and electrode’s surfaces
has proven effective on all of the experiments. Any alcohol would serve
the purpose of introducing hydroxyl groups to hydrophobic inks;
however, IPA was chosen because it is a secondary alcohol, and is not an
active substrate for TEMPO-NH2.10 Although the IPA evaporated quickly,
this was kept in mind as an extraneous precaution to ensure catalytic
activity was measured accurately.
The hydrophobic Ag/AgCl ink was sometimes applied after the CE
in a thin strip to stop the fluid flow altogether. In this configuration,
when the platform was introduced to the reagent, the analytes were held
in place on the WE and allowed to react for longer periods of time.
Depositing IPA onto the Ag/AgCl ink continued the flow of the analytes
after the reactions were complete.

3.5

SERS Detection Zones
A facile method for the development of SERS substrates that

yielded stable nanoparticles was cultivated for this research. The SERS
substrates were made with 5 nm silver nanoparticles (AgNPs), which
clustered together to form a porous architecture. Poly (vinyl alcohol),
denoted “PVA,” was used as a structure-directing agent and provided the
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right-sized gaps between the nanoclusters, which played a significant
role in the SERS signal enhancement.

Theory
Colloidal silver was synthesized by adding an excess of the
reducing agents sodium borohydride (NaBH4) and sodium hydroxide
(NaOH) to a silver precursor, silver nitrate (AgNO3). The silver
nanoparticles were stabilized using the polymer poly (vinyl alcohol). The
reaction of AgNO3 and NaBH4 is shown below.
2AgNO3 + 2NaBH4  2Ag + B2H6 + 2NaNO3 + H2

Sodium borohydride reduced all of the silver (Ag) ions to neutral Ag
atoms instantly by fast nucleation. This instant nuclei generation
resulted in monodispersed and uniform sized colloids.97 By just using
NaBH4 as a reducing agent (without the addition of NaOH), it was found
that reproducibility of SERS substrates was difficult. This is because
borohydride degraded quickly following the proposed reaction shown
below.
NaBH4 + 2H2O  NaBO2 + 4H2

A solution of the AgNO3 and NaBH4 was found to have a pH of ~10
which correlates to a NaBH4 half-life of 61.4 minutes.98 The higher the
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pH, the longer the half-life of NaBH4

98

so NaOH was added to the

reducing solution. It is hypothesized that the AgNPs grow larger by
sintering as time passes. Exposure to aerial oxygen molecules helped
oxidize the borohydride anions and monodispersity was achieved by
quick reduction.99 For this reason, a step of vigorously shaking the
sample was incorporated into the methods to expose the AgNPs to oxygen
molecules. From the reaction, it can be seen that hydrogen gas was also
formed. By shaking the vial, these gas molecules were released from the
solution. Neutral Ag atoms reduced from Ag ions in water met each other
to form AgNPs stable via electrostatic repulsion due to adsorbed BH4
anions. A proposed schematic of this is shown in Figure 7.

Figure 7: Schematic of stable AgNPs by electrostatic repulsion
of adsorbed anions.

Each borohydride anion had four reactive hydride arms and the
silver ion’s charge state was +1. Every 1 borohydride anion had the
ability to reduce 4 silver ions to neutral silver atoms; however the
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stoichiometry was more complicated due to the reactions of silver ions,
borohydride anions, and the hydroxide anions. It was important that
sodium borohydride was in excess, because the BH4 anions were
necessary for stabilizing the AgNPs.
A method of developing SERS substrates on glass has been
engineered. The techniques were reproducible and the substrates could
be made in less than 15 minutes when all of the stock solutions were
prepared. Analytes adsorbed to the nanoparticles formed on each SERS
substrate, so they were one-time use. It is worthy to note that the
development of such substrates was the result of varying several
parameters.

In

initial

studies,

the

reducing

agents

(and

its

concentrations) were varied between NaBH4, sodium citrate, and
mixtures of the two. Evaluations of SERS activity were conducted with
both wet and dry AgNP solutions. Aggregated states of the AgNP colloids
were evaluated by aging the solutions (resulting in larger nanoparticles)
to see how the SERS performance was affected. An analysis on how the
pH varied the AgNP agglomerations was conducted by altering the native
pH values of the stock solutions with either HCl or NaOH. Temperature
effects on the solutions to alter the growth stage of AgNPs were assessed.
Various solvents were surveyed including hexane, acetone, and toluene.
Methods for oxidizing the borohydride anions were gauged. Deciding on
the proper methods for creating the right AgNP thicknesses on the
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substrates while inhibiting the coffee-ring effect were considered. Altering
the concentrations and quantities of the various precursors was
performed. The method presented in this dissertation is the result of
exhaustive efforts that yielded satisfying results. Every spectrum in this
research was acquired by employing a SERS substrate unless otherwise
noted.

Materials
Silver nitrate (AgNO3), sodium borohydride (NaBH4) sodium
hydroxide (NaOH), and poly(vinyl alcohol) were purchased from Sigma
Aldrich. All chemicals were used as received without further purification.
Stock solutions were made by mixing the precursors with deionized (DI)
water at room temperature. An aqueous stock solution of 50 mM silver
nitrate in a glass vial was made by dissolving AgNO3 with DI water. An
aqueous stock solution of 50 mM borohydride anions (BH4− ) in a glass vial
was made by dissolving NaBH4 granules with the same molar amount of
NaOH to guarantee stability. A solution of 0.1% PVA (10 mL) was made
in a glass vial by dissolving PVA granules in DI water. The PVA solution
was placed in the oven at 75°C for 40 minutes to promote dissolution
and could be made in larger quantities for multiple batches.
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Methods
To make the AgNPs, 100 µL of the AgNO3 solution were added to a
glass vial with 9.37 mL of DI water. To this solution, 30 µL of PVA
solution were injected. The reducing agent solution (NaBH4 and NaOH
mixture), 200 µL, was added all at once. The glass vial was capped and
shaken vigorously for 30 seconds. The solution changed color from faint
yellow to amber immediately (Figure 8a). The resulting AgNP SERS
solution was pipetted onto glass coverslips in 10 µL amounts and placed
in an oven at 75°C for 10 minutes to make SERS substrates (Figure 8b).

(a)

(b)

Figure 8: (a) Colloidal silver nanoparticle SERS solution and
(b) SERS substrates on glass coverslips after drying in a
75˚C oven for 10 minutes.

Discussion
The droplet of AgNPs exploited 2D self-assembly on the surface of
the glass coverslip. It is hypothesized that PVA acts as a surfactant to
change the droplet surface tension resulting in changing Marangoni flow.
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Particle aggregation was a factor that was considered in the formulation
of these SERS substrates. The AgNPs must aggregate to a certain extent,
so plasmonic resonance enhances the Raman signal; however, if the
aggregates are too close then the analytes are not able to penetrate the
crevices between the AgNPs. This lack of contact between the analytes
and the AgNPs would decrease the SERS enhancement. By coating the
AgNPs with the right concentration and amount of the polymer PVA, an
appropriate amount of aggregation resulted in stabilizing the AgNPs.

Physical Characterization
The morphologies of the synthesized SERS substrates were
determined by scanning electron microscopy (SEM, Hitachi S-5200 Nano
SEM with an accelerating voltage of 10 kV) and atomic force microscopy
(AFM, WITec alpha 300 RA). The AFM data was collected in the tapping
mode with an aluminum coated cantilever and nominal tip radius of <10
nm (ARROW-NCR, Nano World). The AgNPs formed clustered aggregates,
dispersed by the presence of PVA. The PVA can be seen in Figure 9a,
taken at t = 0 min, followed by Figure 9b after the PVA was etched from
the SEM laser at t = 2 min. The PVA acted as a structure-directing agent
for the AgNPs. It can be assumed that when under the Raman laser, the
PVA is etched as well because there is no indication of PVA in any of the
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SERS spectra; however, the role that the PVA plays when the analytes
are adsorbed onto the AgNPs is still not understood.

t = 0 min

t = 2 min

(a)

(b)

Figure 9: (a) SEM of SERS substrate at t = 0 min where the
presence of PVA is visible and (b) SEM of the same SERS
substrate at t = 2 min after the PVA was etched from the
SEM laser and voids were left, indicated by the dashed lines.

The AgNPs that were formed were ~5 nm in diameter and formed
larger clusters >300 nm (Figure 10a). Between these clusters was an
intricate network of pores. This morphology of the material enhanced the
mass diffusion and transport through the pores to improve the analyte’s
adsorption to the AgNP surfaces. The surface morphology of the AgNPs
was characterized with AFM (Figure 10b). A measurement from the
surface of one of the clusters was found to have a thickness of ~90 nm.
Deep pockets can be seen between the peaks of the AgNPs confirming the
presence of high surface areas available for interaction with analytes.
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Figure 10: (a) SEM and (b) AFM of SERS substrate.

Spectroscopic Characterization
Spectral acquisition was conducted using a WITec alpha 300 RA
(WITec, Germany) confocal Raman microscope in combination with a
controlled motorized scan stage. A 532 nm frequency doubled Nd:YAG
laser with an ultra-high throughput spectrometer (UHTS 300, WITec,
Germany) was used with a grating of 600 grooves/mm and a 500 nm
blaze. Mapping is the sequential measurement of spectra of adjacent
sample positions by scanning a sample with the motorized scan stage.
Each resulting pixel is a full spectrum containing the molecular
fingerprint for data analysis.100 Most of the spectra reported were
conducted with spectroscopic mapping and averaging these spectra
together. This increased the signal to noise ratio and provided a more
accurate spectrum representation of analyte mixtures. The SERS
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spectrum of a SERS substrate is shown below with characteristic peaks
labeled.

Figure 11: SERS spectrum of SERS substrate. Experimental
parameters: 532-nm excitation, average of 20 accumulations
from the same location, integration time: 0.5 s, 20x objective.

To demonstrate the practical application of the developed SERS
substrates and the plasmonic activity of the prepared AgNPs, the SERS
signal was analyzed with the molecule rhodamine 6G (R6G). R6G is a
standard Raman probe; its molecular structure is shown in Figure 12.

Figure 12: Rhodamine 6G molecular structure.
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R6G is a strongly fluorescent xanthene derivative that shows a
molecular resonance Raman effect when excited into its visible
absorption band.101 A solution of 1 mM R6G dissolved in ethanol was
made to test the SERS activity. The Raman bands of the dye were greatly
enhanced showing full molecular vibrational information and allowing
clear detection of the probe molecule. The SERS spectrum collected from
1 mM R6G/ethanol adsorbed onto the AgNP substrates was compared to
the Raman spectrum of 1 mM R6G/ethanol in solution is shown below.
The characteristic Raman wavenumbers of the R6G molecule and their
corresponding assignments were comparable to the values reported by
Hildebrandt and Stockburger and their work on R6G adsorbed on
colloidal silver.101 Characteristic peaks include the C-C-C ring, a C-H
out-of-plane (op) bend, and four aromatic C-C stretches (arom C-C str).
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Figure 13: SERS spectrum of 1 mM R6G/ethanol on AgNP
substrate (above) and Raman spectrum of 1 mM
R6G/ethanol in solution (below). Experimental parameters:
532-nm excitation, scan area: 5 µm x 5 µm, pixels: 50 x 50,
integration time: 0.003 s.

The repeatability of the SERS substrates is shown in Figure 14
where ten samples made from separate AgNP batches and on separate
days were compared. The spectral positions of the bands in the SERS
measurements were nearly unchanged.
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Figure 14: R6G SERS spectra from 10 different samples to
show the repeatability of the fabrication methods for making
the SERS substrates. Experimental parameters: 532-nm
excitation, scan area: 10 µm x 10 µm, pixels: 150 x 150,
integration time: 0.003 s.

A 2-µL droplet of R6G ethanol solution was pipetted on a substrate
and the R6G-treated sample surface was mapped. These SERS maps
revealed the formation of uniform AgNP aggregates and distinguished
which regions were the most SERS active. The SERS spectra from
different regions on the same SERS map in Figure 15 shows areas of
high intensity (yellow), medium intensity (teal), and low intensity (black);
from all of these regions, the R6G peaks are clearly seen. Presumably,
the black regions are from areas that have higher loadings of PVA with
more dispersed AgNPs.
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Figure 15: SERS maps of R6G and their representative SERS
peaks from areas of high intensity (yellow), medium intensity
(teal), and low intensity (black) indicating the entire surface
of the substrate is SERS active and can be used to
characterize analytes.

This method for the fabrication of SERS-active films of AgNPs
yielded high-intensity regions across large areas despite the appearance
of low-intensity regions on the SERS maps. The computer software
visually created the SERS intensity maps and the black (low intensity)
regions were only low in intensity with respect to the yellow (high
intensity) regions. Areas that appeared to have low intensity maintained
plasmonic nanostructures capable of functioning SERS enhancement.
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3.6

Catalysts
The development and use of catalytic materials to coordinate and

increase the rates of chemical reactions in multi-step cascade systems
was studied. It is the ultimate goal to maximize the energy density
extracted per molecule of reactant. This is made possible by integrating
molecular, biological, and metallic catalysts together in the same system.
By controlling the chemical and electrical flux during the chemical
cascade, fundamental knowledge can be gained on the chemical species
and electrons transferred at the reaction sites. The design of the
platforms enabled isolation of the active sites, which allowed the
catalysts to catalyze different reactions at different rates.

3.6.1 Molecular Catalyst: TEMPO-NH2
Molecular catalysts, or organocatalysts, are oxidation catalysts
that are capable of catalyzing the oxidation of multiple oxygen-containing
functional groups. The molecular catalyst chosen for this research was
TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl), which has been shown to
oxidize glycerol to mesoxalic acid through sequential oxidation in a
buffered solution.102 The native form of TEMPO is a stable nitroxyl
radical; modifying it with an NH2 group enhances the electrocatalytic
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activity by 8 times with a 70% conversion rate at pH = 5.2.10 The
molecular structure of TEMPO-NH2 is shown below.

Figure 16: TEMPO-NH2 molecular structure.

TEMPO-NH2 is an effective electrochemical alcohol and aldehyde
oxidation

catalyst

that

doesn’t

possess

the

substrate

specificity

limitations that are typically exhibited by enzymes. Enzymes are
necessary in this reaction; however, because they will be used to break
the C-C bonds in mesoxalic acid and oxalic acid.11 CVs of TEMPO-NH2
reveal their activity towards primary alcohols and aldehydes with the
capabilities

of

generating

>800

µA

cm-2

in

100

mM

glycerol,

glyceraldehyde, or glyoxylic acid at pH 5.2 and 25°C in bulk electrolysis
experiments.10 The SERS spectrum of TEMPO-NH2 is shown below. It
was prepared by depositing 2 µL of 50 mM TEMPO-NH2 in acetone onto a
SERS substrate and allowed to dry at room temperature.
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Figure 17: SERS spectrum of TEMPO-NH2. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.

One of the main goals of this research was to provide a method for
evaluating the global reaction parameters necessary for different
modalities of catalysts to function together. With this in mind, the efforts
of this dissertation will eventually lead to the synthesis of merging the
molecular, biological, and metallic catalysts together into a single
multimodal catalyst. It was projected that the materialization of this
concept was to have all three modalities supported onto a graphene
nanosheet (GNS) support. For this reason, a pyrene-amide-TEMPO
moiety was synthesized. This organocatalyst still contained the reactive
TEMPO-NH2, while linked to a pyrene molecule that could π-π stack to
GNS. Molecular electrocatalysts tethered to pyrene have been explored
using pyrene as noncovalent anchors to carbon nanotubes.103,104 Stahl,
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et al. synthesized a similar electrocatalyst with TEMPO-NH2 and pyrene
for the purposes of electrocatalytic organic synthesis.105 The molecular
structure of pyrene-amide-TEMPO is shown below. Compared to its
counterpart, the homogenous catalyst TEMPO-NH2, the pyrene-amideTEMPO was designed to immobilize to the stencil-printed electrodes.

Figure 18: Pyrene-amide-TEMPO molecular structure.

The SERS spectrum of pyrene-amide-TEMPO is shown below. It
was prepared by pipetting 2 µL of 50 mM pyrene-amide-TEMPO in
acetone onto a SERS substrate and allowed to air dry at room
temperature.
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Figure 19: SERS spectrum of pyrene-amide-TEMPO.
Experimental parameters: 532-nm excitation, scan area: 5
µm x 5 µm, pixels: 50 x 50, integration time: 0.003 s.

Materials
The

electrocatalyst

TEMPO-NH2

tetramethylpiperidine-1-oxyl, 97%), acetone,
hydroxysuccinimide

ester,

methylene

(4-Amino-2,2,6,6-

1-pyrenebutyric acid N-

chloride

(CH2Cl2),

methanol

(MeOH), hexane, ethyl acetate, and diphenylhydrazine were purchased
from Millipore Sigma.

Methods
The pyrene-amide-TEMPO was prepared by David Hickey from the
University of Utah. The synthetic procedure for making pyrene-amideTEMPO

first

involved

dissolving
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1-pyrenebutyric

acid

N-

hydroxysuccinimide ester (0.400 g, 1.0 mmol) in a small amount of
CH2Cl2 and adding it to a stirring solution of 4-amino-TEMPO (0.196 g,
1.1 mmol) in a mixture of 8:1 CH2Cl2/MeOH. The reaction mixture was
stirred for 20 hours at room temperature. The product mixture was
concentrated under reduced pressure and the crude product was
purified by silica flash gel column chromatography (5:1 hexanes and
ethyl acetate). The solid product was obtained upon removal of solvent
under reduced pressure (0.355 g, 80% yield). A small amount of
diphenylhydrazine was used to reduce the nitroxyl radical product to its
corresponding hydroxylamine prior to analysis by NMR (400 MHz NMR).
The synthesis is shown below.

Figure 20: Synthesis of pyrene-amide-TEMPO.

The electrocatalytic activity of both TEMPO-NH2 and pyrene-amideTEMPO were compared for the oxidation of glycerol and its intermediates
in electrochemical platforms.
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3.6.2 Biological Catalyst: OxDC
Enzymes are proteins that are the catalysts in biochemical
systems. The biological catalyst explored for this research was oxalate
decarboxylase (OxDC). OxDC was used to catalyze the conversion of
mesoxalic acid to glyoxylic acid and oxalic acid to formic acid. It is found
in nature and converts oxalic acid to formic acid in bacteria and wooddecaying fungi.106 Enzymes typically have significantly higher catalytic
rates per active site than precious metal catalysts, but suffer from their
high substrate specificity. OxDC is also incapable of oxidizing the highenergy density molecule glycerol.10,11 OxDC belongs to the cupin protein
superfamily and are characterized as a bicupin due to having 2 metalion-binding cupins

11,106

which can be seen in Figure 20. The biological

assembly of OxDC is shown below.107

(a)

(b)

Figure 21: Oxalate decarboxylase biological assembly: a)
hexameric oxalate decarboxylase and b) recombinant bicupin
monomer.
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The catalytic mechanism of OxDC to catalyze the conversion of
oxalate to formate has been proposed with evidence suggesting the active
sites are the manganese (Mn2+/Mn3+) binding sites.108 The specific
activity of enzymes, U, is the amount of enzyme that catalyzes the
conversion

of

1

micro

mole

of

substrate

per

minute

at

room

temperature.109 OxDC has been expressed with E. coli and shows a high
specific activity of 100 U mg-1.11 The OxDC was prepared as described by
Abdellaoui, et al.11 A SERS spectrum of OxDC is shown below.

Figure 22: SERS spectrum of OxDC. Experimental parameters:
532-nm excitation, scan area: 5 µm x 5 µm, pixels: 50 x 50,
integration time: 0.003 s.

Properly designed enzyme immobilization is beneficial to the
enzyme’s activity, selectivity, specificity, and reduction of inhibition. An
enzyme’s stability is dictated by the number of bonds between the
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enzyme and its support.110 For this research, OxDC was immobilized
directly to the fibers of the cellulose in paper-based platforms.

3.6.3 Metallic Catalyst: Pd/3D-GNS
Metallic catalysts are a staple of present oxidative electrocatalysts
used for oxidizing alcohols and polyols. They have the advantage of high
stability and high activity in highly acidic or basic environments.111
Palladium nanoparticles supported on 3D graphene nanosheets (Pd/3DGNS)111 was the metallic catalyst used in this study. Precious metal
catalysts containing platinum group metals (PGM), such as Pd, can
catalyze the oxidation of simple molecules like formic acid at low
temperature.10,112 The Pd/3D-GNS catalysts have a face-centered cubic
crystalline structure with an average particle size of 4-5 nm. The
dispersion of Pd was facilitated by the graphitization of the GNS
supports. The porous GNS morphology lent itself to increasing the active
surface area of the catalyst to enhance its mass-transport kinetics and
has been shown to be highly active towards the electrooxidation of
alcohols in alkaline media.113 Pd-based catalysts are not capable of
catalyzing all of the alcohol and aldehyde steps in more energetic
compounds like glycerol due to passivation issues.10 Pd/3D-GNS was
used to oxidize formic acid to CO2. It was applied on the working
67

electrode as an ink. To make the Pd/3D-GNS ink, 5 mg of catalyst was
dispersed in 925 µL of a water/IPA (4:1) mixture to which 75 µL of Nafion
(0.5 wt% solution, DuPont) was added. The ink was sonicated for 2
minutes and 2 µL was deposited onto a glass slide and dried in air at
room temperature for Raman analysis. The Raman spectra of the Pd/3DGNS catalyst in its dry form and as a wet ink are shown below.

Figure 23: Raman spectrum of Pd/3D-GNS dry catalyst (top)
and Pd/3D-GNS ink (bottom). Experimental parameters:
532-nm excitation, scan area: 5 µm x 5 µm, pixels: 50 x 50,
integration time: 0.003 s.

Characteristic resonances observed at 1348 cm-1 and 1588 cm-1 in
the Raman spectrum of dry Pd/3D-GNS correlate to the D and G bands,
respectively in the carbon network of the GNS. The D-band is caused by
disordered structure in the graphene and is from the breathing modes of
sp2 atoms in rings. The G-band is due to bond stretching of the sp2 atom
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pairs in rings and chains.114 The level of disorder in the 3D-GNS was
calculated by measuring the ratio of the D to G band peak intensities
(ID/IG) and found to be 1.1. Higher values represent lower levels of
disorder, signifying that the Pd/3D-GNS has a low level of disorder.114
Interestingly, the D and G bands are shifted in the ink. The presence of
Nafion and IPA caused a blue shift in the D-band, which may indicate
tensile strain. Chemical interactions may have also played a role in
altering the ID/IG dramatically.

3.7

Spectral Assignment of Chemical Constituents
The

examination

and

interpretation

of

characteristic

group

frequencies was central in characterizing the complex cascade reactions.
Certain aggregates of atoms, or functional groups, are associated with
definite characteristic Raman absorptions. These characteristic group
frequencies of the analytes in the cascade reaction have been examined.
To assist in interpreting the SERS spectra, the book “Infrared and
Raman Characteristic Group Frequencies: Tables and Charts, 3rd
Edition” by George Socrates was referenced extensively. The occurrences
of these group frequencies have been correlated to specific functional
groups and derived empirically; however, shifts can occur in the bands
due to interference or perturbation. The electronegativity of neighboring
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atoms or spatial geometry of the molecules can lead to these shifts. All of
the analytes in this study were non-linear molecules with N atoms having
3N – 6 fundamental vibrations.115 Glycerol (C3H8O3), therefore, has 14
atoms with 36 fundamental vibrations; however, some of these vibrations
may be Raman inactive. Additionally, interactions between molecules
and lattice vibrations can occur.115 When characterizing the spectra,
these intramolecular vibration tendencies (between atom pairs) were
important, but it is necessary to remember that molecules vibrate as a
whole as well and intermolecular movement was present. Other factors
influencing frequency of molecular vibration include: atomic mass
differences, inductive or mesomeric influences, steric effects affecting
bond angles, coupling interactions, and the presence of hydrogen
bonding.115 For example, it was found that when the analytes were added
to buffers, the characteristic peaks changed dramatically.
A table was created as a guide to showcase the differences between
each chemical constituent. If a certain functional group is present in an
analyte, it is indicated with a “” symbol. A more detailed table with
various spectral regions is in Appendix A.
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(9) formic acid








(8) oxalic acid








(7) glyoxylic acid







(6) mesoxalic acid

(5) tartronic acid







(3b) 2-hydroxymalonaldehyde





(3a) glyceric acid







(2) glyceraldehyde

Alcohols
Primary alcohols, -CH2-OH
Secondary alcohols, >CH-OH
Aliphatic aldehydes (straight
chain)
Saturated aliphatic aldehydes
Acetates
Saturated aliphatic carboxylic
acids (as monomer)
Carboxylic acids, -COOH
(monomer)
Saturated dicarboxylic acids
Aliphatic ketones (straight chain)
Saturated aliphatic ketones
Formates, H·CO-OR

(1) glycerol

Functional Group

(4) 2-hydroxy-3-oxopropanoic acid

Table 3: Functional Group Spectra Assignments for Chemical Analytes









































The presence of alcohols, aldehydes, ketones, carboxylic acids,
acetates, and formates were expected in the SERS spectra. The full set of
spectral assignments for the functional groups present in the chemicals
of the cascade reaction is in Appendix B. Spectra were collected for
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commercially available analytes including: glycerol, glyceraldehyde,
glyceric acid, tartronic acid, mesoxalic acid, glyoxylic acid, oxalic acid,
and

formic

acid.

The

two

remaining

chemical

compounds

not

commercially available were: 2-hydroxymalonaldehyde and 2-hydroxy-3oxopropanoic acid which may show a presence in the oxidation of
glycerol. Since these cannot be measured individually by spectroscopy,
an attempt was made to identify which functional group peaks could
possibly occur and these tables are located in Appendix B as well.

Spurious bands are those that do not belong to the sample, but
results

from

sample

handing,

instrumental

effect,

or

another

phenomenon.115 Vigilant sample preparation was important because
incorrect conclusions may be drawn from contaminated samples. The
procedures that were developed took into account the prevention of these
spurious bands. For this sample set, stock solutions of the commercially
available analytes (Figure 24) in the complex cascade system were
studied.

Figure 24: Commercially available analytes in cascade reactions.
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Chemicals & Solutions
Glycerol (C3H8O3), DL-glyceraldehyde (C3H6O3), D-glyceric acid
calcium

salt

dihydrate

([HOCH2CH(OH)CO2]2Ca·2H2O),

sodium

mesoxalate monohydrate ((HO)2C(COONa)2), glyoxylic acid monohydrate
(HCOCO2H·H2O),

oxalic

acid

dihydrate

(HO2CCO2H·2H2O),

sodium

formate (HCOONa), sodium hydroxide (NaOH), sodium phosphate
monobasic (Na2HPO4), sodium phosphate dibasic (NaH2PO4), citric acid,
sodium citrate, sodium acetate, acetic acid , and DI water (18.2 MΩ·cm
Milli-Q water) were purchased from Millipore Sigma; tartronic acid
(C3H4O5) was purchased from Alfa Aesar. All chemicals were used as
received without further purification. Sodium phosphate buffer, pH = 5.2,
was used because of its compatibility with the OxDC enzyme. The pH of
all of the solutions was adjusted using 2 M NaOH. Two sets of stock
solutions of the individual analytes were made. The first set was made by
mixing the precursors with 18.2 MΩ·cm Milli-Q water, Millipore) at room
temperature. The second set was made by mixing the analytes with 2
mM buffer, pH = 5.2.

Methods
A set of reactant and product mixtures were made to qualitatively
analyze the catalytic pathways that may proceed. This set of analyte
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mixtures is shown in Figure 25. Each color block represents a different
mixture of analytes.

glycerol

A
B

i
i

glyceraldehyde

ii

glyceric acid

iii
iii

ii

mesoxalic acid

v
v

iv
iv

i
C

tartronic acid

iv

glyoxylic acid

vi

oxalic acid

vii
vii

formic acid

viii

vi

ii

v
iii

vi

i

v
ii

D

iii
iv
i
ii

E

iii
iv
i

F

ii
iii

G
H

i
ii
i

Figure 25: Data set representing individual analytes and analyte mixtures.

Eight sets of chemical mixtures labeled A – H with final sample
concentrations of 20 mM were made. The contributions from each
analyte for each sample mixture were 0.5 mL, resulting in increasing
sample volumes moving down the table from A to H.

As an example,

Data Set Eii contained 0.5 mL each of glyceraldehyde, glyceric acid,
tartronic acid, mesoxalic acid, and glyoxylic acid for a final sample
volume of 2.5 mL and final concentration of 20 mM. Each sample was
prepared by depositing 2 µL of analyte onto a SERS substrate and
covered with a glass coverslip.
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3.7.1 Spectral Assignment of Individual Analytes
Data Set A consists of the commercially available individual
analytes in DI water and their native pH. The corresponding SERS
spectra are shown in Figure 26.

Figure 26: SERS spectra for Data Set A. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.

During the course of this research, four buffer types were
evaluated. They were chosen based on two criteria. Citrate, phosphate,
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and acetate buffers were selected because of their compatibilities with
the catalysts. Second, the SERS spectrum of the buffer could not overlap
too much with the analyte spectra. These SERS spectra are shown in
Figure 27.

Figure 27: SERS of citric-acid sodium phosphate buffer, citric
acid-sodium citrate buffer, sodium acetate-acetic acid buffer,
and sodium phosphate buffer, all pH = 5.2. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.

The sodium phosphate buffer was chosen because it was found to
be the most compatible with OxDC and it also does not contain any
peaks after 1200 cm-1. It was found that when the buffer concentrations
were equal to or higher than the analyte concentrations, the buffer
spectrum

sometimes

dominated

and

the

analyte

could

not

be

characterized. For the OxDC reactions, a 20 mM reagent mixed with a 20
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mM

buffer

provided

electrocatalytic

distinct

reactions,

the

spectrum

peaks;

buffer

spectrum

however,

in

dominated

the
and

characteristic peaks of the analytes could not be identified. For this
reason, 50 mM analytes were made in 2 mM buffer and the SERS
spectrum of these individual analytes were compared to those that were
not buffered. These spectra are shown in Figure 28 below.

Figure 28: SERS spectra for Data Set A, 50 mM analytes
buffered in 2 mM sodium phosphate buffer, pH = 5.2.
Experimental parameters: 532-nm excitation, scan area: 5
µm x 5 µm, pixels: 50 x 50, integration time: 0.003 s.
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The buffered SERS spectra show very different peaks when
compared to the analytes that were not buffered. All of the experiments
were performed using buffered reactants. The success of catalytic
transformation was evaluated based on the similarity to these buffered
analytes. Analyte mixtures were made for non-buffered analytes to
understand the impacts of intermolecular forces between the analytes
without the added complexities of the buffer solution.

3.7.2 Spectral Assignment of Analyte Mixtures
The SERS spectra of the analyte mixtures, Set B, are shown in Figure
29. Spectrum Bi reveals that the peaks located at 1204 cm-1 and 1238
cm-1 from Spectrum Ai are no longer present. Similarly, there was a
distinct peak in both Ai and Aii at 2914 cm-1 and 2919 cm-1 that
decreased in intensity. Spectrum Bii shows the presence of the spectra
between 1387 cm-1 and 1586 cm-1, present in Aiii which suggests that
the chemical bonds in glyceric acid are more SERS active than those in
glyceraldehyde. Spectrum Biii shows distinct peaks not seen in either Aiii
or Aiv, perhaps because they are masked by the large, broad peak
located at 722 cm-1 and 695 cm

-1,

respectively. Spectrum Biv has

distinct peaks 749 cm-1 and 903 cm-1 indicative of the clear presence of
mesoxalic acid. The broad peak at 695 cm-1 from glyceric acid has
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completely been suppressed. The spectrum of Bv looks similar to that of
Biv, suggesting the SERS intensity of mesoxalic acid dominates the
spectrum of glyoxylic acid. The large, broad peak of glyoxylic acid at 694
cm-1 is diminished by the mesoxalic acid peaks. The spectrum of Bvi
contains the 1424 cm-1 peak from glyoxylic acid, but all of the other
peaks appear to be from oxalic acid. Spectrum Bvii looks distinctly
similar to that of oxalic acid, with no noticeable peaks from formic acid,
specifically the peak at 765 cm-1 which is clearly hidden by the broad
peaks from 637 cm-1 to 899 cm-1 of oxalic acid.
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Figure 29: SERS spectra for Data Set B. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.

In the course of these studies, the main spectra of interest were
those of the products after catalytic transformations. Namely, mesoxalic
acid, glyoxylic acid, oxalic acid, and formic acid were analyzed carefully.
Based on this data, it can be seen that even in mixtures with mesoxalic
acid,

its

spectrum

masks

the

presence
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of

other

analytes.

The

characterization of glyoxylic acid may be difficult due to its significant
suppression by the other analytes that precede (mesoxalic acid) and
follow (oxalic acid) it in this data set. The same is true for formic acid
where its peaks are concealed by the peaks or oxalic acid.
The SERS spectra of Data Set C are shown in Figure 30. Spectrum
Ci is representative of both spectrums Bi and Bii due to their similarities
to one another. Spectrum Cii shows a disappearance of the broad peak at
748 cm-1 from Bii, replaced by the distinctive peaks at 851 cm-1 and 938
cm-1 of Biii. As a reminder, Biii was a mixture of glyceric acid and
tartronic acid, where the peaks at 851 cm-1 and 938 cm-1 are more
representative of tartronic acid. Spectrum Ciii most notably has the
presence of a peak at 905 cm-1, which comes from the Biv spectrum
(tartronic and mesoxalic acid). Spectrum Civ again has a peak at 904 cm1,

which comes from the Biv spectrum. It also has a broad peak at 670

cm-1 not representative of the spectrums Biv or Bv. Spectrum Cv has a
broad peak in the same region as before, labeled at 688 cm-1 which upon
initial inspection appears to come from the broad peak at 695 cm-1 from
Bvi; however, its appearance in spectrum Civ would indicate that this
could not be confirmed with certainty. Generally, spectrums Civ and Cv
are very similar, both sharing peaks from spectrum Bv (mesoxalic and
glyoxylic acid). Spectrum Cvi is very similar to both spectrums Bvi
(glyoxylic and oxalic acid) and Bvii (oxalic and formic acid). Spectrums
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Bvi and Bvii share almost the same peaks. One main difference; however,
is that in spectrum Bvi, the peak at 1429 cm-1 is noticeable higher than
the peaks at 1258 cm-1 and 1609 cm-1 when compared to the same three
peaks of Bvii (1430 cm-1, 1258 cm-1, and 1607 cm-1, respectively). This
same trend is seen in spectrum Cvi where the peak at 1433 cm-1 is
higher than the peaks at 1259 cm-1 and 1588 cm-1. This may be
attributed to the strong SERS intensity of oxalic acid.

Figure 30: SERS spectra for Data Set C. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.
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From Data Set C, the same conclusions can be made about
mesoxalic acid. Individual analyte constituents that are in mixtures with
mesoxalic acid will likely have their SERS spectra overcome by dominant
mesoxalic acid peaks. The same is true for the SERS-dominant oxalic
acid.
The SERS spectra of Data Set D are shown in Figure 31. Spectrum
Di is more representative of spectrum Cii and spectrum Biii versus the
spectra Bi, Bii, or Ci. The common analyte in the Cii and Biii spectrum is
the presence of tartronic acid which mimics the previous observation
that mixtures containing tartronic acid will reveal strong SERS intensity
of tartronic acid peaks. Spectrum Dii is similar to the spectra Biv and
Ciii, the common analyte being mesoxalic acid, which is hypothesized to
be the source of distinct peak at 905 cm-1. Also, the peak 905 cm-1 is
present in the spectra Ciii, Civ, Cv with the common denominator being
mesoxalic acid. Spectrum Diii is almost identical to spectrum Dii, both
sharing the presence of glyceric acid, tartronic acid, and mesoxalic acid.
Spectrum Div has a decrease in the peak 905 cm-1, but is still very
similar to the spectra Dii and Diii further confirming the theory that the
peak is due to mesoxalic acid. Distinct peaks from other analytes are not
as distinguishable. Spectrum Dv has the large characteristic, broad peak
at 712 cm-1 similar to that found in the spectra Cvi, Bvi, Bvii, and Avii
which strongly suggests the presence of oxalic acid.
83

Figure 31: SERS spectra for Data Set D. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.

Data Set D confirmed that the intermolecular forces between
mixtures containing either mesoxalic or oxalic acid will be influenced by
their representative spectra.
The spectra of Data Set E is in Figure 32. Spectra Ei, Eii, and Eiii
have the same peaks and all share glyceric acid, tartronic acid, and
mesoxalic acid. This suggests suppression of glycerol, glyceraldehyde,
glyoxylic acid, and oxalic acid. When mixtures contain both mesoxalic
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acid and oxalic acid, the presence of other analytes plays a large role in
what is observable. Spectrum Eiv confirms this notion due to the
presence of the large, broad peak at 709 cm-1 previously believed to be a
result of the presence of oxalic acid. Combining these two assertions,
when mesoxalic acid is in mixtures containing glycerol, glyceraldehyde,
glyceric acid, tartronic acid, glyoxylic acid, and oxalic acid, some features
of the mesoxalic acid will be present while the existence of oxalic acid is
hidden. Mixtures containing glyceric acid, tartronic acid, mesoxalic acid,
glyoxylic acid, oxalic acid and formic acid will show the existence of both
oxalic and mesoxalic acid.

Figure 32: SERS spectra for Data Set E. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.
85

The SERS spectra of Data Set F is shown in Figure 33. The spectra
of Fi, Fii, and Fiii are very similar. If the broad peak at around 694 cm-1
is again analyzed, it can be seen that it may be an indicator of the
presence of oxalic acid.

Figure 33: SERS spectra for Data Set F. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.

The SERS spectra for Data Set G is shown in Figure 34. The
similar spectra are easily distinguishable only by the peak at 692 cm-1
from spectrum Gi. The difference between spectrum Gi and Gii is that Gi
contains glycerol and lacks formic acid, while the opposite is true for Gii.
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Figure 34: SERS spectra for Data Set G. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.

The SERS spectrum Hi is shown in Figure 35. The spectrum Hi is
most like spectra Gii, Fi, Fii, Ei, Eii, Dii, Diii, and Ciii. The common
constituents in all of these are glyceric acid, tartronic acid, and
mesoxalic acid.

Figure 35: SERS spectra for Data Set G. Experimental
parameters: 532-nm excitation, scan area: 5 µm x 5 µm,
pixels: 50 x 50, integration time: 0.003 s.
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The intensity of an absorption spectrum of a given functional
group may be affected by neighboring atoms or groups as well as by its
chemical environment. By understanding which analytes contribute to
the intensity of peaks in analyte mixtures, interpretation of the results
was feasible when studying multimodal catalyst cascade reactions.
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Chapter 4
Results
Multiple platforms were designed and fabricated with the purpose of
understanding the catalytic transformations capable of occurring within
porous media. A set of 2D platforms and 3D platforms were made. Some
of

the

platforms

were

made

with

stencil-printed

electrodes

(electrochemical platforms), some were made with SERS detection zones
(spectrochemical platforms), and a third set of platforms were made with
both stencil-printed electrodes and SERS detection zones (spectroelectrochemical platforms).

4.1

Electrochemical Platforms
Electrochemical platforms were developed to understand the

electrochemical reactions within the glycerol oxidation cascade scheme.
The oxidation of glycerol to mesoxalic acid was studied with the
molecular

catalysts

TEMPO-NH2
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and

pyrene-amide-TEMPO.

The

oxidation of glyoxylic acid to oxalic acid was studied with the molecular
catalyst pyrene-amide-TEMPO. For the molecular catalysts, the stencilprinted WE of each platform was prepared by drop-casting each catalyst
(50 mM electrocatalyst dissolved in acetone) in 0.5 µL increments and
allowing to air dry at room temperature. By depositing the electrocatalyst
slowly, there was no loosely bound electrocatalyst in the electrode.
Preliminary experiments performed to determine proper electrode-loading
techniques revealed that if the catalyst was deposited in quantities too
large, unbound electrocatalyst would filter through to the under-side of
the platform and be visibly present (the catalysts were orange and could
be seen easily).
The oxidation of formic acid to CO2 was studied with the metallic
catalyst Pd/3D-GNS. A Pd/3D-GNS ink was made for electrochemical
measurements. To make the ink, 5 mg of catalyst was dispersed in 925
µL of a water/IPA (4:1) mixture to which 75 µL of Nafion (0.5 wt%
solution, DuPont) was added. The ink was sonicated for 2 minutes and 2
µL was deposited onto the WE and air dried at room temperature.
The electrochemical platforms feature a 2D design and contain
stencil-printed electrodes. To perform the experiments, the platforms
were introduced to the reagent of interest and CV data was collected.
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4.1.1 pH Study: TEMPO-NH2
The Minteer research group reported the electrochemical oxidation
of glycerol using TEMPO-NH2. It was found that the catalytic current
density of TEMPO-NH2 increased with increasing pH.10 As a first step in
establishing the functionality of the electrochemical platforms, a pH
study was conducted. A series of 100 mM glycerol solutions, buffered
from pH = 3 to 8 in 50 mM sodium phosphate buffer were made. A 50
mM solution of TEMPO-NH2 in acetone was pipetted onto the WE in the
amount of 2 µL. The electrodes were connected to the potentiostat and
the CVs that resulted at a scan rate of 10 mV s-1 are shown in Figure 36.

Figure 36: Cyclic voltammograms of glycerol oxidation from pH
= 3 to 8. Experiment conditions: 100 mM glycerol in 50 mM
sodium phosphate buffer, varied with 2 M NaOH, 2 µL
catalyst loading, 50 mM TEMPO-NH2 in acetone, at 10 mV s-1
and 25°C.
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The pH dependence observed with the TEMPO-NH2 catalyst
coincides with previously reported data;10 the catalytic currents increase
at higher pH. The blank was measured in buffer solution at pH = 4. The
electrocatalyst TEMPO-NH2 was active for glycerol in all of the buffered
solutions.

4.1.2 Varying Paper Types: TEMPO-NH2 and pyrene-amideTEMPO
The method for making electrochemical platforms was evaluated by
stencil-printing electrodes onto 7 paper types with 50 mM pyrene-amideTEMPO. For these reactions, 100 mM glycerol in 50 mM sodium
phosphate buffer and 0.1% KCl solutions were used as the reactant. The
CVs were performed at 20 mV s-1. Solutions of catalysts were deposited
on the WE in the amount of 2 µL. As another experiment, some of the
electrochemical platforms were made twice to compare the pyrene-amideTEMPO catalyst with the TEMPO-NH2 catalyst under the same reaction
conditions. For these reactions, 2 µL of the 50 mM TEMPO-NH2 was
deposited onto the WE of each platform and CVs were collected again in
the same manner. These CVs are shown in Figure 37.
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Figure 37: Catalytic CVs of TEMPO-NH2 (top) and (bottom)
pyrene-amide-TEMPO in 100 mM glycerol in 50 mM sodium
phosphate buffer, pH = 5.2, measured on electrochemical
platforms made from different paper types, at 20 mV s-1 and
25°C.
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A table of the onset potentials (Eonset), anodic peak potential value
(Epa), and catalytic current densities are shown below for both catalysts.

Table 4: Catalytic Activity of Molecular Catalysts on Electrochemical Platforms Made of
Different Paper Types

Catalyst
pyreneamideTEMPO

TEMPO-NH2

Paper Type
VWR 415
Whatman
Whatman
Whatman
Whatman
Whatman
Whatman
VWR 415
Whatman
Whatman
Whatman
Whatman

Filter 42
Chrom. 1
Filter 1
Filter 5
Filter 2
Filter 4
Chrom. 1
Filter 1
Filter 5
Filter 2

Eonset
(V vs.
Ag/AgCl)
0.46
0.50
0.47
0.49
0.49
0.51
0.49
0.47
0.49
0.50
0.50
0.51

Epa
(V vs.
Ag/AgCl)
0.82
0.78
0.81
0.76
0.78
0.77
0.82
0.62
0.62
0.59
0.61
0.62

Jmax
(mA cm-2)
0.43
0.38
0.31
0.28
0.23
0.17
0.14
0.32
0.11
0.12
0.18
0.11

For both catalysts, the peak currents were high for electrodes
made on VWR 415. There was no obvious trend in porosity size with the
electrocatalytic data (VWR 415: 25 µm, Whatman Filter 5: 2.5 µm,
Whatman Filter 1: 11 µm, and Whatman Filter 2: 8µm). The papers have
a microstructure that is non-uniform from heterogeneities within the
orientation of their cellulose fibers and compactness. It is hypothesized
that the high activity was due to the physical architecture of VWR 415,
which includes many ridges and may play a beneficial role in the
94

assembly of stencil-printed electrodes. The ridges in the paper may
facilitate more electrode ink, in turn providing more electrocatalytic
surface area. The CV data shows electrocatalytic activity for both
catalysts oxidizing glycerol regardless of which paper type is used.

4.1.3 Glycerol, Glyceraldehyde, Glyceric Acid, and Tartronic Acid
Oxidation: TEMPO-NH2 and pyrene-amide-TEMPO
A set of electrochemical platforms were made from Whatman Filter
1 for the remaining electrochemical experiments presented in this
chapter. The oxidation of glycerol, glyceraldehyde, glyceric acid, and
tartronic acid was evaluated with both TEMPO-NH2 and pyrene-amideTEMPO using electrochemical platforms. The reagents were prepared as
before (100 mM substrate in 50 mM sodium phosphate buffer with 0.1%
KCl). To perform these experiments, 5 µL of TEMPO-NH2 and 5 µL of
pyrene-amide-TEMPO were deposited on the WE of separate platforms.
The resulting CVs are shown below, measured at 10 mV s-1 from an
initial potential of 0 V to a set potential of 1 V. The left column shows the
reagents catalyzed by TEMPO-NH2 and the right column shows the
reagents catalyzed by pyrene-amide-TEMPO. The reagents were: glycerol,
glyceraldehyde, glyceric acid, and tartronic acid shown in Figures 38 a,
b, c, and d, respectively. The blanks were measured in the absence of
substrate.
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Figure 38: Catalytic CVs of TEMPO-NH2 (left) and pyreneamide-TEMPO (right) in the presence of 100 mM substrate:
(a) glycerol, (b) glyceraldehyde, (c) glyceric acid, and (d)
tartronic acid. The inset schematics represent what the
electrochemical platforms look like when introduced to the
reagent. Experimental conditions: 50 mM sodium phosphate
buffer with 0.1% KCl, pH = 5.2, 10 mV s-1 and 25°C.

A catalytic feature is evident in both the cathodic and anodic CV
scans. The cyclic voltammograms demonstrate that the pyrene-amide96

TEMPO

exhibited

a

much

higher

activity

than

its

TEMPO-NH2

counterpart. Despite being electronically similar, the homogenous
TEMPO-NH2 catalyst yielded a much lower catalytic current density. The
oxidation of the substrates occurred at higher potentials for pyreneamide-TEMPO

in

comparison

to

that

of

TEMPO-NH2.

The

voltammograms of the TEMPO-NH2 catalyst revealed a quasi-reversible
feature at E1/2 = 0.58 V versus Ag/AgCl. The oxidation of glycerol,
glyceraldehyde, glyceric acid, and tartronic acid were chemically
reversible processes. A table of the electrocatalytic activities of the
TEMPO-NH2 and pyrene-amide-TEMPO is shown below.

Table 5: Electrocatalytic Activity of TEMPO-NH2 and pyrene-amide-TEMPO
Catalyst
TEMPONH2

pyreneamideTEMPO

Reactant
glycerol
glyceraldehyde
glyceric acid
tartronic acid
glycerol
glyceraldehyde
glyceric acid
tartronic acid

Eonset
(V vs. Ag/AgCl)

E1/2
(V vs. Ag/AgCl)

Jmax
(mA cm-2)

0.50
0.51
0.51
0.49
0.47
0.44
0.47
0.48

0.55
0.56
0.57
0.56
0.66
0.65
0.69
0.66

0.13
0.07
0.08
0.08
0.55
0.96
0.82
0.88

97

4.1.4 Glyoxylic Acid Oxidation: pyrene-amide-TEMPO
An electrochemical platform was made to study the oxidation of
glyoxylic

acid

using

the

pyrene-amide-TEMPO

catalyst.

The

electrocatalytic performance of pyrene-amide-TEMPO is shown in Figure
39.

Figure 39: Catalytic CV of pyrene-amide-TEMPO in the
presence of 100 mM glyoxylic acid. The inset schematics
represent what the electrochemical platforms look like when
introduced to the reagent. Experimental conditions: 50 mM
sodium phosphate buffer with 0.1% KCl, pH = 5.2, 10 mV s-1
and 25°C.

The ability of pyrene-amide-TEMPO to catalyze glyoxylic acid was
shown. The onset potential was 0.46 V vs. Ag/AgCl, the half-wave
potential was 0.70 V vs. Ag/AgCl, and the catalytic current density was
0.89 mA cm-2. The high rate of oxidation ensures that pyrene-amide98

TEMPO will be a successful catalyst for the oxidation of glycerol,
glyceraldehyde, glyceric acid, tartronic acid, and glyoxylic acid.

4.1.5 Formic Acid Oxidation: Pd/3D-GNS
The oxidation of formic acid was evaluated with Pd/3D-GNS. An
electrochemical platform was made as before. Experiments were
performed with 100 mM formic acid in 50 mM sodium phosphate buffer,
pH = 5.2. The pH was adjusted using 2 M NaOH. The CV was collected at
10 mV s-1 and 25°C.

Figure 40: Catalytic CV of 3D-GNS in the presence of 100 mM
formic acid. The inset schematics represent what the
electrochemical platforms look like when introduced to the
reagent. Experimental conditions: 50 mM sodium phosphate
buffer with 0.1% KCl, pH = 5.2, 10 mV s-1 and 25°C.
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The positive sweep corresponds to the oxidation of formic acid
which started at 0.38 V vs. Ag/AgCl. There was a presence of a broad
oxidation peak at 1.25 mA cm-2 with increasing potential at 0.70 V vs.
Ag/AgCl. The anodic peak was less pronounced at 0.12 V vs. Ag/AgCl
and 0.39 mA cm-2. The difference between the reduction and oxidation
peaks was 0.58 V and an increased restriction in oxidation occurred.
These results show that capillary driven flow in filter paper induced
measurable potentials in the range of 0 to 1 V.
It is expected that the stencil-printed electrodes provided an
effective electrical conduction path through the electrode ink and good
access to the reactant solution through the entire electrode surface area
due to its 3D microporous structure. Catalytic current densities were
higher than those reported using bulk electrolysis10 because the stencilprinted electrodes have a high surface area and provided conformal
contact between the analytes, the catalysts, and the electrodes. The
oxidation of glycerol and its intermediates were successful.

4.2

Spectrochemical Platforms
Spectrochemical platforms were made to study the enzymatic

conversion reactions in the glycerol cascade and contain SERS detection
zones. These reactions were for the conversion of mesoxalic acid to
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glyoxylic acid and for oxalic acid to formic acid. Local immobilization of
the enzyme was achieved by drop-casting the enzyme in 1 µL increments
in a staggered pattern across the cellulose channel. This immobilization
protocol was performed for each modular component of the platform that
required the enzyme. After enzyme immobilization, an aqueous reagent
was introduced to the platform and the formation of the products was
monitored with SERS. The reactant solution was captured by the OxDC,
oxidized to the desired products, unbound from the OxDC active sites
and continued flowing through the analytical device to get detected at the
SERS substrate.

4.2.1 Mesoxalic Acid Conversion: OxDC
The conversion of mesoxalic acid to glyoxylic acid was evaluated
with OxDC. For these reactions, Whatman Chrom. 1 was cut into the
shape of a fan, and a SERS detection zone was incorporated into the
platform. The SERS substrate was integrated in the platform by cutting a
small via in the paper. A SERS substrate was placed under the via and a
glass coverslip was placed on top. OxDC was deposited in 1 µl
increments at four locations (a total of 4 µL of OxDC) on the platforms as
indicated in the schematic below.
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Figure 41: Schematic of spectrochemical platform with 1 uL
OxDC spots (4 uL total) immobilized into the paper to
facilitate the conversion of mesoxalic acid to glyoxylic acid.

The platform was introduced to 20 mM mesoxalic acid, buffered in
20 mM sodium phosphate buffer, pH = 5.2. The reactants flowed around
the spotted OxDC like water flowing around rocks in a stream, and the
resulting products flowed to the SERS detection zone. The glass coverslip
was pressed down to adsorb some of the product analytes onto the SERS
substrate for characterization. The products continued to flow through
the platform. The SERS spectra below show the spectrum of OxDC, 20
mM buffered mesoxalic acid, 20 mM buffered glyoxylic acid, and the
products that resulted after OxDC catalytic transformation.
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Figure 42: SERS spectra of OxDC, 20 mM mesoxalic acid, 20
mM glyoxylic acid, and the products from the conversion of
the reactant mesoxalic acid with OxDC. Experimental
conditions: 20 mM sodium phosphate buffer, 532-nm
excitation, scan area: 5 µm x 5 µm, pixels: 50 x 50,
integration time: 0.003 s.

The stars represent characteristic peaks present in the products,
which showed partial conversion to glyoxylic acid. A lack of SERS peaks
from the OxDC in the product spectrum represented successful
immobilization of the enzyme to the cellulose fibers.

4.2.2 Oxalic Acid Conversion: OxDC
The conversion of oxalic acid to formic acid was also evaluated with
OxDC. A spectrochemical platform was made as before. OxDC was
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deposited in 1 µl increments at four locations on the platforms as
indicated in the schematic below.

Figure 43: Schematic of spectrochemical platform with 1 uL
OxDC spots (4 uL total) immobilized into the paper to
facilitate the conversion of oxalic acid to formic acid.

The platform was introduced to 20 mM oxalic acid, buffered in 20
mM sodium phosphate buffer, pH = 5.2. A 20x objective was used to
acquire the spectra. The SERS spectra below show the spectrum of
OxDC, 20 mM buffered oxalic acid, 20 mM buffered formic acid, and the
products that resulted after OxDC catalytic transformation.
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Figure 44: SERS spectra of OxDC, 20 mM oxalic acid, 20 mM
formic acid, and the products from the conversion of the
reactant oxalic acid with OxDC. Experimental conditions: 20
mM sodium phosphate buffer, 532-nm excitation, scan area:
5 µm x 5 µm, pixels: 50 x 50, integration time: 0.003 s.

The stars represent characteristic peaks present in the products,
which showed almost full conversion to formic acid. Tollen’s test was
used to confirm the formation of formic acid. Tollen’s test is a
quantitative experiment used to distingues between an aldehyde and a
ketone. Formic acid has a –(COH) bond which gives a positive test for
aldehydes. Formic acid is oxidized to CO2 when it mixes with Tollen’s
reagent. The reaction steps are shown below. Traditionally, when an
aldehyde is mixed with formic acid, it will produce a silver mirror on the
sides of glass. For this experiment, the spectrochemical platform was
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introduced to the oxalic acid as before, and 1 µL of product was collected
with a syringe.

Figure 45: Qualitative confirmation of the formation of formic
acid. Experiment conditions: Spectrochemical platform with
4 uL of OxDC was introduced to the reagent 20 mM oxalic
acid in 20 mM sodium phosphate buffer, pH = 5.2. The
products of the reaction were extracted with a syringe and
deposited in a vial of Tollen’s reagent.

Not enough product was collected to create a mirror on the sides of
the glass; however, the resulting silver clusters represent a positive test
for formic acid.

4.3

Spectro-electrochemical Platforms
The

multimodal

oxidation
catalysts

of

glycerol

undergoes

to

carbon

multiple

dioxide

facilitated

mechanistically

by

distinct

catalytic cycles. These catalytic cascade reactions with their proposed
catalyst placement on a paper platform are shown below. The magenta
(molecular catalyst), purple (biological catalyst), and green (metallic
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catalyst) regions represent immobilized catalyst reaction zones within the
platform in a 2D configuration. The different stages of research explore
individual catalyst contributions towards the full oxidation of glycerol
and are shown in the schematic in Figure 46.

Figure 46: Schematic of catalytic reaction zones on porous
media with research stages labeled.

The platforms were constructed in modular components with each
stage more complex than the last. The platform of Stage 1 contains one
SERS detection zone and the platforms made for Stages 2 through 5 each
contain two SERS detection zones. For these experiments, the molecular
catalyst

used

electrocatalytic

was

pyrene-amide-TEMPO

performance

when

due

to

its

superior

compared

to

TEMPO-NH2.

Chronoamperometry was used to maintain a specific potential for each
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stage of the electrochemical reactions. SERS verification was used to
characterize the products.

4.3.1 Stage 1: Glycerol to Mesoxalic Acid

A 2D spectro-electrochemical platform was designed to study the
oxidation of glycerol to mesoxalic acid. For these reactions, stencilprinted electrodes and one SERS detection zone was integrated into the
platform. A thin line of Ag/AgCl ink was deposited after the electrodes to
act as a hydrophobic barrier. For this experiment, 5 µL of pyrene-amideTEMPO was deposited onto the WE of the platform. To perform the
reactions, the platform tip was folded down and introduced to 50 mM
glycerol in 2 mM sodium phosphate buffer (pH = 5.2). The glycerol flowed
through the paper platform, through the electrodes, and was stopped at
the Ag/AgCl ink barrier described earlier. The electrodes were connected
to the potentiostat and a chronoamperometry experiment was performed
where the potential was held constant at 0.78 V vs. Ag/AgCl for 1 hour,
which corresponded with the potential at which the catalytic current
density was the highest for the glycerol reaction. The electrocatalytic
oxidation of glycerol occurred at the WE. After 1 hour, 2 µL of IPA was
deposited on the Ag/AgCl ink barrier and the flow continued to the rest
of the platform. The products were collected at the SERS detection zone.
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A simplified schematic of this platform in an aerial view is shown in
Figure 47.

Figure 47: Schematic of Stage 1 spectro-electrochemical
platform: glycerol to mesoxalic acid.

A set of 20 platforms were made in this configuration and the
SERS spectra of the products were collected. Figure 48 shows the results
from each of the platforms. The data confirms reproducibility of the
catalytic conversion reactions. The data were compared to the spectrum
of mesoxalic acid (the desired product from these reactions). This SERS
spectrum of mesoxalic acid was previously reported in Figure 28.
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Figure 48: SERS spectra for Stage 1 spectro-electrochemical
platform. The spectra represent the products collected from
20 platforms, and are compared to the spectrum of 50 mM
mesoxalic acid in 2 mM sodium phosphate buffer, pH = 5.2.
Experimental parameters: 532-nm excitation, scan area: 5
µm x 5 µm, pixels: 50 x 50, integration time: 0.003 s.

The product spectra of the Stage 1 spectro-electrochemical
platform were promising because they indicated successful conversion to
mesoxalic acid. The results of Section 3.7 revealed that mixtures of
analytes with mesoxalic acid would get masked by the peaks of mesoxalic
acid. Essentially, although it appears that full conversion of glycerol took
place, this was most likely not the case. By referring to the graphs Biv
and Bv from Figure 29, which were both representative of mixtures
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containing 50% mesoxalic acid, it can be seen that the spectrum of
mesoxalic acid looks very similar to these spectra. This is an indicator
that the spectra shown in Figure 48 are illustrative of at least 50%
conversion of glycerol to mesoxalic acid.

4.3.2 Stage 2: Glycerol to Glyoxylic Acid

A set of 20 3D spectro-electrochemical platforms were made to
study the oxidation of glycerol to glyoxylic acid. For these platforms, the
catalytic reaction layer containing the pyrene-amide-TEMPO for the
oxidation of glycerol to mesoxalic acid was made as described for Stage 1
without the addition of a fan. The OxDC reaction layer included a fan
outlet and a SERS detection zone. The layers were stacked with a
protective film in between to separate the layers. Schematics of the 3D
configuration in an oblique view is shown in Figure 49 on the left and an
aerial view is shown in Figure 49 on the right with the SERS detection
zones labeled.
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Figure 49: Schematic of Stage 2 spectro-electrochemical
platform: glycerol to glyoxylic acid with a 3D oblique,
expanded diagram (left) and an aerial view which includes
the SERS detection zones (right).

First, each catalytic reaction layer was assembled (including
stencil-printed electrodes, SERS detection zones, and catalysts). The
molecular catalyst reaction layer was assembled as previously described.
The biological catalyst layer was spotted with 8 µL of OxDC in 1 µL
staggered increments. Although it was shown previously that 4 µL of
OxDC could yield good conversion of reactants, the volume was doubled
because it was expected that the reactants would be mixed with other
analytes. A plastic film with an inlet via and double-sided tape (shown in
Figure 3) was placed on the lab bench. The molecular reaction layer was
inserted into the inlet hole of the plastic film and secured onto the
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double-sided tape. A second layer of transparency film was mounted onto
the molecular layer, lining up the hole with the edge of the strip as
shown in Figure 49. The biological catalyst layer was placed on top,
again lining up the inlet with the hole from the transparency film.
Another transparency film was placed on top of the platform as shown in
Figure 3. To begin the reactions, the tip of the platform was folded down
and introduced to 50 mM buffered glycerol as described previously. The
molecular reaction was again held at 0.78 V vs. Ag/AgCl for one hour.
After this time, the flow of the analytes was granted and the products
were collected at SERS detection zone 1 (Figure 49, right). The analytes
traveled vertically through the via and into the biological catalytic
reaction layer where the fluids continued to flow laterally and react at the
OxDC sites. The products from this reaction were collected at SERS
detection zone 2 (Figure 49, right). Twenty of these platforms were
constructed and the resulting data are shown in Figure 50. For clarity,
only the product data collected from SERS Detection Zone 1 from the
first three platforms are shown. The spectrum of 50 mM buffered
glyoxylic acid from Figure 28 is also shown.
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Figure 50: SERS spectra for Stage 2 spectro-electrochemical
platform. The spectra represent the products collected from
20 platforms, and are compared to the spectrum of 50 mM
glyoxylic acid in 2 mM sodium phosphate buffer, pH = 5.2.
Experimental parameters: 532-nm excitation, scan area: 5
µm x 5 µm, pixels: 50 x 50, integration time: 0.003 s.

The SERS spectra from SERS Detection Zone 1 match the peaks
seen in the platforms from Stage 1. The spectra from SERS Detection
Zone 2 are noticeably different, confirming some type of catalytic
transformation took place. The peaks do not show similarities to the
spectrum of glyoxylic acid; however, from Section 3.7, it was observed
that glyoxylic acid peaks are rarely seen in mixtures containing glyoxylic
acid.
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4.3.3 Stage 3: Glycerol to Oxalic Acid

Another set of 20 spectro-electrochemical platforms were made to
facilitate two locations of pyrene-amide-TEMPO and one catalytic layer
containing OxDC for the conversion of glycerol to oxalic acid. The 3D
schematic of this platform is shown in Figure 51. The reaction layers
were made as described previously with the molecular reaction layers
containing stencil-printed electrodes, with 5 µL pyrene-amide-TEMPO
deposited onto the working electrodes, and 8 µL of OxDC deposited in 1
µL spots in the biological catalyst reaction layer.

Figure 51: Schematic of Stage 3 spectro-electrochemical
platform: glycerol to oxalic acid with a 3D oblique, expanded
diagram (left) and an aerial view which includes the SERS
detection zones (right).
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The platforms were constructed as before with a lower transparent
film followed by the molecular catalytic reaction layer, the transparent
film with vias, the biological reaction layer, and topped with another
transparent film. When the platforms were fabricated, they were
introduced to 50 mM buffered glycerol, where the glycerol flowed laterally
to the pyrene-amide-TEMPO working electrode. The potential was held at
0.78 V vs. Ag/AgCl for one hour. After this reaction, the products flowed
laterally to the end of the paper strip and vertically to the biological
catalyst reaction layer. Here, the products reacted at the OxDC sites and
continued to flow laterally where the new products were collected at
SERS Detection Zone 1, after which the fluids flowed vertically down to
the 3rd reaction strip and laterally where it reacted at the pyrene-amideTEMPO working electrode. Here, the analytes were held at 0.79 V vs.
Ag/AgCl for one hour and the products were collected at SERS Detection
Zone 2. The SERS spectra of these results are shown in Figure 52, where
they are compared to the spectrum of 50 mM buffered oxalic acid from
Figure 28.
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Figure 52: SERS spectra for Stage 3 spectro-electrochemical
platform. The spectra represent the products collected from
20 platforms, and are compared to the spectrum of 50 mM
oxalic acid in 2 mM sodium phosphate buffer, pH = 5.2.
Experimental parameters: 532-nm excitation, scan area: 5
µm x 5 µm, pixels: 50 x 50, integration time: 0.003 s.

The SERS spectra of SERS Detection Zone 2 show characteristic
peaks present in oxalic acid. This correlates well with the observations
made with the analyte mixtures containing oxalic acid, where the peaks
of oxalic acid dominated the spectra (from Section 3.7). There are other
peaks present as well which strongly suggest the presence of other
analytes.
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4.3.4 Stage 4: Glycerol to Formic Acid

The 3D spectro-electrocemical platforms for Stage 4 included an
additional biological reaction layer for the conversion of glycerol to formic
acid. The schematics for these platforms are shown in Figure 53 with an
oblique, expanded view on the left and an aerial view on the right.

Figure 53: Schematic of Stage 4 spectro-electrochemical
platform: glycerol to formic acid with a 3D oblique, expanded
diagram (left) and an aerial view which includes the SERS
detection zones (right).

The platforms of Stage 4 worked as previously described. Glycerol
was introduced to the platform where it flowed laterally across the
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pyrene-amide-TEMPO

and

got

converted

to

mesoxalic

acid.

The

mesoxalic acid flowed vertically to the first biological reaction layer where
it flowed laterally across the OxDC and got converted to glyoxylic acid.
The glyoxylic acid flowed vertically down to the second molecular catalyst
layer. The glyoxylic acid flowed laterally across the pyrene-amide-TEMPO
where it was converted to oxalic acid. Here, the oxalic acid was detected
at SERS Detection Zone 1. The oxalic acid flowed vertically up to the
second biological catalyst reaction strip where it flowed laterally across
the OxDC to get converted to formic acid. The formic acid was detected at
SERS Detection Zone 2. The reactions at the molecular catalyst layer
were held for one hour. Glycerol oxidation occurred at 0.78 V vs. Ag/AgCl
and glyoxylic acid oxidation occurred at 0.79 V vs. Ag/AgCl. The OxDC
layers had 8 µL of OxDC deposited on them in staggered, 1 µL spots. The
resulting SERS spectra are shown in Figure 54. The SERS spectra from
SERS Detection Zone 1 are from the first 3 spectro-electrochemical
platforms. The SERS spectrum of 50 mM formic acid from Figure 28 is
shown for comparison.
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Figure 54: SERS spectra for Stage 4 spectro-electrochemical
platform. The spectra represent the products collected from
20 platforms, and are compared to the spectrum of 50 mM
formic acid in 2 mM sodium phosphate buffer, pH = 5.2.
Experimental parameters: 532-nm excitation, scan area: 5
µm x 5 µm, pixels: 50 x 50, integration time: 0.003 s.

The SERS spectra show good repeatability despite the complexity
of the spectro-electrochemical platforms. From the SERS spectra of
mixtures containing formic acid, it was apparent that formic acid peaks
would be masked by other analytes. This is certainly true in this case
where none of the distinct formic acid peaks can be seen. The differences
from SERS Detection Zone 1 and SERS Detection Zone 2 reveal some
conversion from oxalic acid to formic acid.
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4.3.5 Stage 5: Glycerol to Carbon Dioxide

The final spectro-electrochemical platforms for Stage 5 were
constructed to fully convert glycerol to carbon dioxide. The orientation of
the platform components served 3 purposes: (1) the OxDC layer was
sandwiched between two plastic films to prevent the OxDC from getting
dry and denaturing, (2) the size of the platform was small (7.5 cm x 8 cm)
to fit under the Raman microscope comfortably, and (3) the SERS
detection zones were located in positions where they are all accessible to
the Raman laser. These platforms were more complicated than the last
with the addition of another catalytic layer for the Pd/3D-GNS. The
schematic does not include the presence of the stencil-printed electrodes
for clarity; however, stencil-printed electrodes were located at the
electrocatalyst sites on the bottom and the top layers. A schematic of
these platforms is shown in Figure 55.
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Figure 55: Schematic of Stage 5 spectro-electrochemical platform:
glycerol to CO2 with a 3D oblique, expanded diagram (top) and an
aerial view of the catalyst reaction layers (bottom).

These platforms were constructed as described in Stage 4, with the
addition of an extra transparent film and the metallic catalyst reaction
layer. For this reaction, the flow of the fluids ensued as previously
mentioned; however, after formation of formic acid, the formic acid
flowed vertically to the metallic catalyst reaction layer where it was
measured at SERS Detection Zone 1. Afterwards, the formic acid flowed
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vertically

across

the

Pd/3D-GNS

(equipped

with

stencil-printed

electrodes) to get oxidized to CO2. The products were measured at SERS
Detection Zone 2. For these reactions, the molecular and biological layers
were recounted before. The Pd/3D-GNS reaction occurred at a constant
potential of 0.68 V vs. Ag/AgCl with a reaction time of 1 hour. The
resulting SERS spectra are below, compared to the spectrum of 50 mM
buffered formic acid.

Figure 56: SERS spectra for Stage 5 spectro-electrochemical
platform. The spectra represent the products collected from
20 platforms, and are compared to the spectrum of 50 mM
formic acid in 2 mM sodium phosphate buffer, pH = 5.2.
Experimental parameters: 532-nm excitation, scan area: 5
µm x 5 µm, pixels: 50 x 50, integration time: 0.003 s.
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The SERS spectra from Detection Zone 2 indicated that at least
one oxidation reaction had occurred. Interestingly, the spectra reveal
what appears to be a characteristic peak of formic acid, namely a broad
peak at 947cm-1 (Figure 28). This peak in the SERS Detection Zone 2
spectra is at 958 cm-1. The CV data of Pd/3D-GNS confirmed oxidation of
formic acid. Although there was probably residual formic acid in the final
product stream, it was expected that some of the formic acid was
oxidized further to CO2 or bicarbonate.
The evaluation of the outcomes of reactions performed using
microfluidics in flow and optimization of reaction conditions was
conducted. The formation of formic acid verified that the molecular and
biological catalysts converted glycerol to formic acid. The Pd/3D-GNS
probably oxidized some of the other intermediates as well as formic acid.
While confirmation of the production of CO2 was not possible with SERS,
the electrochemical activity of Pd/3D-GNS provided satisfactory evidence
that the oxidation of formic acid most likely occurred.

4.3.6 Discussion

The product spectra from all five stages are reported below.
Changes in the spectra reveal that conversion of the reactants did occur.
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The spectra data were taken from the 8th experiment from each of the
spectro-electrochemical

platforms

and

reproduced

here

with

prominent peaks labeled.

Figure 57: SERS spectra of glycerol, and the products from
Stage 1 – 5. Data is from the 8th experiment from Stages 1 5. Experimental parameters: 532-nm excitation, scan area: 5
µm x 5 µm, pixels: 50 x 50, integration time: 0.003 s.
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the

Several 3D spectro-electrochemical platforms were designed to
facilitate the different types of catalysts, which includes SERS detection
zones after the last two catalytic transformations. The full oxidation of
glycerol is a complex cascade that was chosen to demonstrate the
combination of different catalytic modalities to produce multi-step
chemical and electrochemical cascade reactions. SERS was used to
provide fundamental analysis of spatially separated analytes. The
manipulations of fluids within porous media, dynamic control of
chemical intermediates, exploration of phenomena occurring at the
microscale level, and the development of 3D multiplexed devices have
been studied.
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Chapter 5
Conclusions
The presented research explored original concepts for studying
sequential catalytic processes occurring in distinct catalytic cycles. This
study

represented

an

integrated

process

involving

heterogeneous

catalytic cascade reactions with subsequent biocatalytic conversion
reactions in both a stopped-flow and a continuous flow chemical setting.
Optimization of the separate chemical reactions was accompanied by
mastering the challenges confronted in the engineering of the platform’s
geometry and integrated components. Controlling catalyst selectivity and
overcoming interactions between multiple catalysts was examined. By
taking energetically unfavorable single-catalyst systems and combining
them creatively, it was possible to facilitate favorable chemical reactions.
This research opens a pathway towards fast and reliable inline product
analysis in comparison to traditional methods of evaluating catalytic
performance with offline methods. It is anticipated that this methodology
will prompt further design of microfluidic devices to support multimodal
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catalysis in other cascade systems. The analytical systems described
have five advantages: (i) they can be adapted to a range of different
catalysts and analytes, (ii) they are easy to assemble, (iii) they provide
quick analyte detection, (iv) they are low-cost, and (v) reactions are
conducted in environmentally friendly settings.
The combination of microfluidic technology with the choice of
using paper as platforms for studying multimodal catalyst cascade
systems has proved to be successful. Paper-based microfluidic devices
facilitate fluid transport via capillary action and don’t require external
pumps, they have high surface area to volume ratio improving detection
limits, they allow for rapid prototyping due to their simplicity, and they
are inexpensive. A facile method of making SERS substrates was
achieved. By depositing the right mixture of colloidal AgNPs onto glass
substrates and using PVA as a structure-directing agent, large SERSactive substrates were engineered. The implementation of stencil-printing
electrodes directly into the paper platforms with the ability to stop the
flow allowed for electrochemical evaluations of catalyst’s capabilities both
in-flow and in no-flow configurations. The amalgamation of microfluidics,
paper, electrodes, and SERS provided the tools necessary for creating
spectro-electrochemical platforms.
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The

fabrication

of

porous

media

devices

with

chemical

functionalization on modular, individual layers was developed and used
in this research. Fabrication techniques and functional test data was
reported. Analytes reacted at electrochemical and biological catalyst
sites, and continued to flow through the platform to SERS detection
zones. The devices were comprised of catalytic reaction zones and
detection zones, connected by paper channels. This arrangement
supported quasi-stationary flow within the pores of the paper channel,
allowed cyclic voltammetry measurements and electrochemical control of
the electrocatalysts, and confirmed product formation with SERS. The
ability to redirect, stop, and control the speeds of fluid flows to separate
and manage sample mixtures was created.
The designs of the analytical devices are unique because of their
ability to automatically handle multiple chemical reactions. The devices
can be easily manipulated to sequentially introduce additional reagents
to different catalytic reaction zones. Fluid channel patterning and the
fluid manipulation structures like paper level changes has been devised.
The development of SERS substrates, the evaluation of SERS spectra,
and the design of multiplexed 3D spectro-electrochemical analytical
devices demonstrated the potential that this type of platform has on the
scientific community.
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Chapter 6
Outlook
The development of sophisticated tools and techniques to amass
new information in the chemical and biological sciences requires a
certain

level

of

creativity

and

clever

experimentation

protocols.

Miniaturized analytical systems are driven by the need to perform in situ
measurements on small sample volumes. These systems provide
predictions about how these platforms can be developed as analytical
devices for sensing applications or how molecular synthesis can be
revolutionized for high-throughput production.
In the present work, the platforms were developed for use as
analytical devices; however, the main limitation to using SERS was that
the quantitative nature of the system has not yet been demonstrated. It
is feasible to integrate similar microfluidic systems with another
spectroscopic method such as Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy (ATR-FTIR). ATR-FTIR enables chemical
characterization and quantifiable concentration measurements with fast
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acquisition time in microfluidic channels. This method has been
demonstrated by Greener, et al. for quantifiable characterization of
polymer analytes flowing through microchannels independent of the flow
rates of the liquids.116
Paper-based platforms have the potential for production as well.
There are some advantages to using chromatography paper, for example.
Electrosynthesis or chemical synthesis could be used for making
pharmaceuticals or other types of products. By using chromatographic
separation, with ion exchange papers, silica or alumina impregnated
papers, acetylated papers, or carboxylated papers, it would be feasible to
amass a quantifiable distribution of products that could be separated for
specific uses.

More broadly, microfluidic devices could have multiple

channels and be made of other materials. To accommodate dry or
pressurized reactor conditions, these microfluidic devices could be
constructed with more complex materials like PDMS, silicon, or glass.
Hybrid systems built of multiple types of materials can also be made.
To broaden the scope of catalyst research In the process of
selecting the most advantageous catalysts for a specific reaction,
evaluations

of

individual

catalysts

could

first

be

conducted

in

microfluidic platforms. Within these platforms, the environments can be
altered and the catalytic activity could be catalogued. A database of
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multiple catalysts would result from these studies. A computer program
could be written to evaluate the contents of this database (containing the
catalytic activities and reaction conditions) to understand which
catalysts could presumable be integrated together to perform optimized
reactions. When these catalysts are chosen, they could be studied in
more complex microfluidic devices, and evaluated as before. These
reactions could be studied in situ within these modular platforms, either
with SERS or other spectroscopy methods. Computer programs could be
written to maximize the stoichiometric efficiency of multimodal catalysts
by building kinetic models. Optimal ratios of catalysts for the maximal
production of products could be predicted using mathematical models. A
deep understanding of the underlying mechanisms of the catalysts would
greatly enhance how the catalyst can be integrated together for one-pot
reactions. New catalysts and new chemistry studied on new materials
will present new challenges for mechanistic insight. This strategy of
using microfluidic platforms to study multimodal catalysts is a means of
efficiently screening numerous materials in short periods of time.
Success of multistep, multi-modal catalytic cascade reactions requires
optimized reaction parameters and impeccable process control. It is
within the scope of current technologies to devise modular microfluidic
devices that can incorporate multiple catalysts and evaluate catalytic
transformations in situ. Characterization of the reaction of adsorbates at
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the

surfaces

of

catalytic

materials

is

of

great

importance

for

understanding catalytic reactions. Integration of SERS plasmonic
materials with catalysts can allow for in situ analyses that are surfaceselective, sensitive and provide detailed molecular-level information of
multimodal

catalyst

reactions

occurring

under

realistic

reaction

conditions.
Potential benefits of the proposed activities include a wide variety
of topics. The development of field-deployable microfluidic systems
designed to serve as detectors to counter chemical and biological threats
is one example of how these devices can be employed. Porous mediabased microfluidics can be used as analytical systems for monitoring and
optimizing the production of protein-based drugs. They can serve as
preliminary guidance for the development of new pharmaceuticals by
predicting their behaviors in humans without the need for invasive
experiments.
The research is expected to advance understanding within the
following fields: nanoscience, microsystems, chemistry, biochemistry,
and electrochemistry. A rational and systematic set of experiments and
devices have been presented to provide fundamental theories and
concepts.
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Appendices
Appendix A

Formates, H·CO-OR 
Formates, H·CO-OR
Secondary alcohols, >CH-OH
Primary alcohols, -CH2-OH
Secondary alcohols, >CH-OH
n-Aliphatic monocarboxylic acids
Carboxylic acids, -COOH (dimer)
Aliphatic aldehydes
Alcohols
Primary alcohols, -CH2-OH
Acetates
Acetates
n-Aliphatic monocarboxylic acids
Secondary alcohols, >CH-OH
Aliphatic ketones (straight chain)
Formates, H·CO-OR
Carboxylic acids, -COOH (dimer)
Aliphatic aldehydes
Formates, H·CO-OR 
Aliphatic ketones (straight chain)
Aldehydes, -CHO
Primary alcohols, -CH2-OH
Secondary alcohols, >CH-OH
Primary alcohols, -CH2-OH
Acetates
Carboxylic acids, -COOH
(monomer)
Carboxylic acids, -COOH (dimer)
Primary alcohols, -CH2-OH
Formates, H·CO-OR
Formates, H·CO-OR 

210
230-410
330-390
395-555
440-550
465-495
480-680
520-565
570-710
570-710
580-620
590-665
590-675
600-660
620-630
620-775
630-800
635-695
650-725
700-800
780-975
800-900
800-900
800-960
810-910

(9) formic acid

(8) oxalic acid

(7) glyoxylic acid

(6) mesoxalic acid

(5) tartronic acid

(4) 2-hydroxy-3-oxopropanoic acid

(3b) 2-hydroxymalonaldehyde





































































































































875-960
875-970
1000-1090
1010-1070
1060

(3a) glyceric acid

Region
(cm-1)

(2) glyceraldehyde

Functional Group

(1) glycerol

Functional Groups and Spectral Regions for Chemical Analytes
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Secondary alcohols, >CH-OH
Carboxylic acids, -COOH
(monomer)
Aliphatic ketones (straight chain)
Formates, H·CO-OR
Formates, H·CO-OR
Formates, H·CO-OR
Acetates
Formates, H·CO-OR 
Carboxylic acids, -COOH (dimer)
Primary and secondary alcohols
Primary alcohols, -CH2-OH
Carboxylic acids, -COOH
(monomer)
Primary alcohols, -CH2-OH
Secondary alcohols, >CH-OH
Aliphatic aldehydes
Aldehydes, -CHO
Secondary alcohols, >CH-OH
Formates, H·CO-OR 
Formates, H·CO-OR
Secondary alcohols, >CH-OH
Formates, H·CO-OR 
Carboxylic acids, -COOH (dimer)
Primary alcohols, -CH2-OH
Formates, H·CO-OR 
Saturated dicarboxylic acids
Formates, H·CO-OR
Saturated aliphatic ketones
Saturated aliphatic aldehydes
Acetates
Saturated aliphatic carboxylic
acids (as monomer)
-OH (associated carboxylic acids)
Aldehydes, -CHO
Aliphatic aldehydes
Aliphatic aldehydes
Aldehydes, -CHO
Primary alcohols, -CH2-OH
Formates, H·CO-OR
Primary alcohols, -CH2-OH
Hydrogen-bonded O-H
(intermolecular)
Hydrogen-bonded O-H
(intramolecular)

1075-1150











1075-1190





1100-1170
1120-1210
1150-1165
1180-1215
1205-1265
1208
1210-1320
1260-1440
1280-1300











1280-1380
1280-1390
1290-1350
1325-1440
1325-1450
1330-1400
1333
1350-1385
1370-1430
1398
1395-1440
1410-1480
1600-1750
1700-1740
1715-1730
1715-1745
1720-1740
1740-1750



























































































































































































































































3230-3550
3400-3590
121,













 Spectra are from reference
reference 115






1740-1800
2500-3300
2650-2745
2700-2740
2800-2870
2800-2900
2840-2935
2890-2970
2900-2990












all other spectra assignments are from
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Appendix B: Spectral Assignment of Chemical
Analytes
B.1

Spectral Assignment for Glycerol (1)

Functional Groups

Intensity

Region (cm-1)

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

Primary and secondary
alcohols

1260-1440

m-w

2900-2990
2840-2935
1410-1480

m-s
m-s
m

1280-1390

m-w

1280-1300

m

1000-1090
800-900
800-960

s-m
s
m

570-710

w

395-555

m-w

1370-1430

m-w

1330-1400
1290-1350

m-w
m

1075-1150

m-s

800-900

s

600-660

w

440-550

m-w

330-390

w

Primary alcohols,
-CH2-OH

Description
O-H stretch. Usually broad but
may be sharp, frequency is
concentration dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
In-plane OH deformation vibration,
broad
asymmetric CH2 stretch
symmetric CH2 stretch
CH2 deformation vibration
CH2 wagging – alcohol OH
deformation vibration may obscure
CH2 twisting vibration – alcohol
OH deformation vibration may
obscure
CCO stretch, characteristic band
CCO stretch
CH2, twisting vibration
OH out-of-plane deformation
vibration, broad
C-O deformation vibration
In-plane O-H deformation
vibration coupled with C-H
wagging vibration, broad. In dilute
solutions, moves to 1250-1310 cm1

Secondary alcohols,
>CH-OH



w: weak; m: medium; s: strong
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CH wagging vibration
CH deformation vibration
C-O stretching, often shows
multiple bands due to coupling
CCO stretch
OH out-of-plane deformation
vibration
CO in-plane deformation vibration
CO out-of-plane deformation
vibration

B.2

Spectral Assignment for Glyceraldehyde (2)

Functional Groups

Intensity

Region (cm-1)

Description
O-H stretch. Usually broad but may
be sharp, frequency is concentration
dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
In-plane OH deformation vibration,
broad
asymmetric CH2 stretch
symmetric CH2 stretch
CH2 deformation vibration
CH2 wagging – alcohol OH
deformation vibration may obscure
CH2 twisting vibration – alcohol OH
deformation vibration may obscure
CCO stretch, characteristic band
CCO stretch
CH2, twisting vibration
OH out-of-plane deformation
vibration, broad
C-O deformation vibration
In-plane O-H deformation vibration
coupled with C-H wagging vibration,
broad. In dilute solutions, moves to
1250-1310 cm-1
CH wagging vibration
CH deformation vibration
C-O stretching, often shows multiple
bands due to coupling
CCO stretch
OH out-of-plane deformation
vibration
CO in-plane deformation vibration
CO out-of-plane deformation
vibration

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

Primary and secondary
alcohols

1260-1440

m-w

2900-2990
2840-2935
1410-1480

m-s
m-s
m

1280-1390

m-w

1280-1300

m

1000-1090
800-900
800-960

s-m
s
m

570-710

w

395-555

m-w

1370-1430

m-w

1330-1400
1290-1350

m-w
m

1075-1150

m-s

800-900

s

600-660

w

440-550

m-w

330-390

w

1720-1740

w-m

C=O stretching vibration

2800-2900
2650-2745

w
s-m

1325-1450

s-m

780-975
2800-2870

m
w

2700-2740

s-m

1325-1440

s-m

635-695

m-w

520-565

m-w

C-H stretch
C-H stretch, usually ~2720 cm-1
In-plane C-H rocking vibration. Most
aldehydes: 1350-1375 cm-1
C-H deformation vibration
CH stretch
Overtone CH in-plane deformation
vibration
In-plane C-H rocking vibration
C-C-CO in-plane deformation
vibration
C-CO in-plane deformation vibration

Primary alcohols,
-CH2-OH

Secondary alcohols,
>CH-OH

Saturated aliphatic
aldehydes

Aldehydes, -CHO

Aliphatic aldehydes



w: weak; m: medium; s: strong
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B.3

Spectral Assignment for Glyceric Acid (3b)

Functional Groups

Intensity

Region (cm-1)

Description
O-H stretch. Usually broad but may
be sharp, frequency is concentration
dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
In-plane OH deformation vibration,
broad
asymmetric CH2 stretch
symmetric CH2 stretch
CH2 deformation vibration
CH2 wagging – alcohol OH
deformation vibration may obscure
CH2 twisting vibration – alcohol OH
deformation vibration may obscure
CCO stretch, characteristic band
CCO stretch
CH2, twisting vibration
OH out-of-plane deformation
vibration, broad
C-O deformation vibration
In-plane O-H deformation vibration
coupled with C-H wagging vibration,
broad. In dilute solutions, moves to
1250-1310 cm-1
CH wagging vibration
CH deformation vibration
C-O stretching, often shows multiple
bands due to coupling
CCO stretch
OH out-of-plane deformation
vibration
CO in-plane deformation vibration
CO out-of-plane deformation
vibration

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

Primary and secondary
alcohols

1260-1440

m-w

2900-2990
2840-2935
1410-1480

m-s
m-s
m

1280-1390

m-w

1280-1300

m

1000-1090
800-900
800-960

s-m
s
m

570-710

w

395-555

m-w

1370-1430

m-w

1330-1400
1290-1350

m-w
m

1075-1150

m-s

800-900

s

600-660

w

440-550

m-w

330-390

w

1715-1745

m

C=O stretching vibration

1100-1170
700-800

m-w
m-s

620-630

s-m

C·CO·C asymmetric stretch
C·CO·C symmetric stretch
C-CO-C in-plane deformation
vibration

1740-1800

w-m

Primary alcohols,
-CH2-OH

Secondary alcohols,
>CH-OH

Saturated aliphatic
ketones
Aliphatic ketones
(straight chain)
Saturated aliphatic
carboxylic acid (as
monomer)
-OH (associated
carboxylic acids)
-OH (free carboxylic acid)
Carboxylic acids,
-COOH (monomer)

2500-3300

w

3500-3580
1280-1380
1075-1190

w
m-w
w

875-960

w-m
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C=O stretching vibration. In very
dilute solution
Broad, O-H stretch, H-bonding
present, sometimes number of weak
bands in region 2500-2700 cm-1.
Band is concentration dependent.
Sharp, as monomer
O-H deformation vibration
C-O stretch
O-H···O out-of-plane deformation
vibration, usually broad

n-Aliphatic
monocarboxylic acids

Acetates



590-675

m-w

465-495

m-w

1740-1750

m

1205-1265
810-910
590-665
580-620

m-s
m-s
w
w

w: weak; m: medium; s: strong
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O-CO in-plane deformation vibration,
three bands usually at ~620, ~635,
and ~665 cm-1
C-C=O in-plane deformation
vibration
C=O stretch vibration. Usual range,
but may be 1730-1770 cm-1
CO-O stretch
CC stretch
C=O deformation vibration
C=O wagging vibration

B.4

Spectral Assignment for 2-hydroxymalonaldehyde (3a)

Functional Groups

Intensity

Region (cm-1)

Description
O-H stretch. Usually broad but may
be sharp, frequency is concentration
dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
In-plane O-H deformation vibration
coupled with C-H wagging vibration,
broad. In dilute solutions, moves to
1250-1310 cm-1
CH wagging vibration
CH deformation vibration
C-O stretching, often shows multiple
bands due to coupling
CCO stretch
OH out-of-plane deformation
vibration
CO in-plane deformation vibration
CO out-of-plane deformation
vibration

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

1370-1430

m-w

1330-1400
1290-1350

m-w
m

1075-1150

m-s

800-900

s

600-660

w

440-550

m-w

330-390

w

1720-1740

w-m

C=O stretching vibration

2800-2900
2650-2745

w
s-m

1325-1450

s-m

780-975
2800-2870

m
w

2700-2740

s-m

1325-1440

s-m

635-695

m-w

520-565

m-w

C-H stretch
C-H stretch, usually ~2720 cm-1
In-plane C-H rocking vibration. Most
aldehydes: 1350-1375 cm-1
C-H deformation vibration
CH stretch
Overtone CH in-plane deformation
vibration
In-plane C-H rocking vibration
C-C-CO in-plane deformation
vibration
C-CO in-plane deformation vibration

Secondary alcohols,
>CH-OH

Saturated aliphatic
aldehydes

Aldehydes, -CHO

Aliphatic aldehydes



w: weak; m: medium; s: strong
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B.5

Spectral Assignment for 2-hydroxy-3-oxopropanoic acid (4)

Functional Groups

Intensity

Region (cm-1)

Description
O-H stretch. Usually broad but may
be sharp, frequency is concentration
dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
In-plane OH deformation vibration,
broad
asymmetric CH2 stretch
symmetric CH2 stretch
CH2 deformation vibration
CH2 wagging – alcohol OH
deformation vibration may obscure
CH2 twisting vibration – alcohol OH
deformation vibration may obscure
CCO stretch, characteristic band
CCO stretch
CH2, twisting vibration
OH out-of-plane deformation
vibration, broad
C-O deformation vibration
In-plane O-H deformation vibration
coupled with C-H wagging vibration,
broad. In dilute solutions, moves to
1250-1310 cm-1
CH wagging vibration
CH deformation vibration
C-O stretching, often shows multiple
bands due to coupling
CCO stretch
OH out-of-plane deformation
vibration
CO in-plane deformation vibration
CO out-of-plane deformation
vibration

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

Primary and secondary
alcohols

1260-1440

m-w

2900-2990
2840-2935
1410-1480

m-s
m-s
m

1280-1390

m-w

1280-1300

m

1000-1090
800-900
800-960

s-m
s
m

570-710

w

395-555

m-w

1370-1430

m-w

1330-1400
1290-1350

m-w
m

1075-1150

m-s

800-900

s

600-660

w

440-550

m-w

330-390

w

1720-1740

w-m

C=O stretching vibration

2800-2900
2650-2745

w
s-m

1325-1450

s-m

780-975
2800-2870

m
w

2700-2740

s-m

1325-1440

s-m

635-695

m-w

520-565

m-w

C-H stretch
C-H stretch, usually ~2720 cm-1
In-plane C-H rocking vibration. Most
aldehydes: 1350-1375 cm-1
C-H deformation vibration
CH stretch
Overtone CH in-plane deformation
vibration
In-plane C-H rocking vibration
C-C-CO in-plane deformation
vibration
C-CO in-plane deformation vibration

1715-1745

m

C=O stretching vibration

1100-1170

m-w

C·CO·C asymmetric stretch

Primary alcohols,
-CH2-OH

Secondary alcohols,
>CH-OH

Saturated aliphatic
aldehydes

Aldehydes, -CHO

Aliphatic aldehydes

Saturated aliphatic
ketones
Aliphatic ketones
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(straight chain)

700-800

m-s

620-630

s-m

Saturated aliphatic
carboxylic acid (as
monomer)

1740-1800

w-m

-OH (associated
carboxylic acids)

2500-3300

w

3500-3580
1280-1380
1075-1190

w
m-w
w

875-960

w-m

590-675

m-w

465-495

m-w

1740-1750

m

1205-1265
810-910
590-665
580-620

m-s
m-s
w
w

-OH (free carboxylic acid)
Carboxylic acids,
-COOH (monomer)

n-Aliphatic
monocarboxylic acids

Acetates



w: weak; m: medium; s: strong
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C·CO·C symmetric stretch
C-CO-C in-plane deformation
vibration
C=O stretching vibration. In very
dilute solution
Broad, O-H stretch, H-bonding
present, sometimes number of weak
bands in region 2500-2700 cm-1.
Band is concentration dependent.
Sharp, as monomer
O-H deformation vibration
C-O stretch
O-H···O out-of-plane deformation
vibration, usually broad
O-CO in-plane deformation vibration,
three bands usually at ~620, ~635,
and ~665 cm-1
C-C=O in-plane deformation
vibration
C=O stretch vibration. Usual range,
but may be 1730-1770 cm-1
CO-O stretch
CC stretch
C=O deformation vibration
C=O wagging vibration

B.6

Spectral Assignment for Tartronic Acid (5)

Functional Groups

Intensity

Region (cm-1)

Description
O-H stretch. Usually broad but may
be sharp, frequency is concentration
dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
In-plane OH deformation vibration,
broad
asymmetric CH2 stretch
symmetric CH2 stretch
CH2 deformation vibration
CH2 wagging – alcohol OH
deformation vibration may obscure
CH2 twisting vibration – alcohol OH
deformation vibration may obscure
CCO stretch, characteristic band
CCO stretch
CH2, twisting vibration
OH out-of-plane deformation
vibration, broad
C-O deformation vibration
In-plane O-H deformation vibration
coupled with C-H wagging vibration,
broad. In dilute solutions, moves to
1250-1310 cm-1
CH wagging vibration
CH deformation vibration
C-O stretching, often shows multiple
bands due to coupling
CCO stretch
OH out-of-plane deformation
vibration
CO in-plane deformation vibration
CO out-of-plane deformation
vibration

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

Primary and secondary
alcohols

1260-1440

m-w

2900-2990
2840-2935
1410-1480

m-s
m-s
m

1280-1390

m-w

1280-1300

m

1000-1090
800-900
800-960

s-m
s
m

570-710

w

395-555

m-w

1370-1430

m-w

1330-1400
1290-1350

m-w
m

1075-1150

m-s

800-900

s

600-660

w

440-550

m-w

330-390

w

1715-1745

m

C=O stretching vibration

1100-1170
700-800

m-w
m-s

620-630

s-m

Saturated dicarboxylic
acids

1700-1740

w-m

-OH (associated
carboxylic acids)

2500-3300

w

-OH (free carboxylic acid)

3500-3580

w

1395-1440

w-m

1210-1320

w-s

875-970

w-m

C·CO·C asymmetric stretch
C·CO·C symmetric stretch
C-CO-C in-plane deformation
vibration
C=O stretching vibration, sometimes
broad; can occur at 1640-1685 cm-1
Broad, O-H stretch, H-bonding
present, sometimes number of weak
bands in region 2500-2700 cm-1.
Band is concentration dependent
Sharp, as monomer
Combination band due to C-O
stretch and O-H deformation
C-O stretch, sometimes a doublet
O-H···O out-of-plane deformation
vibration, usually broad

Primary alcohols,
-CH2-OH

Secondary alcohols,
>CH-OH

Saturated aliphatic
ketones
Aliphatic ketones
(straight chain)

Carboxylic acids,
-COOH (dimer)
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Acetates



630-800

m-w

480-680

m-w

1740-1750

m

1205-1265
810-910
590-665
580-620

m-s
m-s
w
w

w: weak; m: medium; s: strong
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CO deformation vibration
CO out-of-plane deformation
vibration
C=O stretch vibration. Usual range,
but may be 1730-1770 cm-1
CO-O stretch
CC stretch
C=O deformation vibration
C=O wagging vibration

B.7

Spectral Assignment for Mesoxalic Acid (6)

Functional Groups

Intensity

Region (cm-1)

Description

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

2900-2990
2840-2935
1410-1480

m-s
m-s
m

1280-1390

m-w

1280-1300

m

1000-1090
800-900
800-960

s-m
s
m

570-710

w

395-555

m-w

O-H stretch. Usually broad but may
be sharp, frequency is concentration
dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
asymmetric CH2 stretch
symmetric CH2 stretch
CH2 deformation vibration
CH2 wagging – alcohol OH
deformation vibration may obscure
CH2 twisting vibration – alcohol OH
deformation vibration may obscure
CCO stretch, characteristic band
CCO stretch
CH2, twisting vibration
OH out-of-plane deformation
vibration, broad
C-O deformation vibration

1715-1745

m

C=O stretching vibration

1100-1170
700-800

m-w
m-s

620-630

s-m

Saturated dicarboxylic
acids

1700-1740

w-m

-OH (associated
carboxylic acids)

2500-3300

w

-OH (free carboxylic acid)

3500-3580

w

1395-1440

w-m

1210-1320

w-s

875-970

w-m

630-800

m-w

480-680

m-w

1740-1750

m

1205-1265
810-910
590-665
580-620

m-s
m-s
w
w

C·CO·C asymmetric stretch
C·CO·C symmetric stretch
C-CO-C in-plane deformation
vibration
C=O stretching vibration, sometimes
broad; can occur at 1640-1685 cm-1
Broad, O-H stretch, H-bonding
present, sometimes number of weak
bands in region 2500-2700 cm-1.
Band is concentration dependent.
Sharp, as monomer
Combination band due to C-O
stretch and O-H deformation
C-O stretch, sometimes a doublet
O-H···O out-of-plane deformation
vibration, usually broad
CO deformation vibration
CO out-of-plane deformation
vibration
C=O stretch vibration. Usual range,
but may be 1730-1770 cm-1
CO-O stretch
CC stretch
C=O deformation vibration
C=O wagging vibration

Primary alcohols,
-CH2-OH

Saturated aliphatic
ketones
Aliphatic ketones
(straight chain)

Carboxylic acids,
-COOH (dimer)

Acetates



w: weak; m: medium; s: strong
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B.8

Spectral Assignment for Glyoxylic Acid (7)

Functional Groups

Intensity

Region (cm-1)

Description

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

2900-2990
2840-2935
1410-1480

m-s
m-s
m

1280-1390

m-w

1280-1300

m

1000-1090
800-900
800-960

s-m
s
m

570-710

w

395-555

m-w

O-H stretch. Usually broad but may
be sharp, frequency is
concentration dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
asymmetric CH2 stretch
symmetric CH2 stretch
CH2 deformation vibration
CH2 wagging – alcohol OH
deformation vibration may obscure
CH2 twisting vibration – alcohol OH
deformation vibration may obscure
CCO stretch, characteristic band
CCO stretch
CH2, twisting vibration
OH out-of-plane deformation
vibration, broad
C-O deformation vibration

1720-1740

w-m

C=O stretching vibration

2800-2900
2650-2745

w
s-m

1325-1450

s-m

780-975
2800-2870

m
w

2700-2740

s-m

1325-1440

s-m

635-695

m-w

520-565

m-w

C-H stretch
C-H stretch, usually ~2720 cm-1
In-plane C-H rocking vibration. Most
aldehydes: 1350-1375 cm-1
C-H deformation vibration
CH stretch
Overtone CH in-plane deformation
vibration
In-plane C-H rocking vibration
C-C-CO in-plane deformation
vibration
C-CO in-plane deformation vibration

1715-1745

m

C=O stretching vibration

1100-1170
700-800

m-w
m-s

620-630

s-m

C·CO·C asymmetric stretch
C·CO·C symmetric stretch
C-CO-C in-plane deformation
vibration

1740-1800

w-m

Primary alcohols,
-CH2-OH

Saturated aliphatic
aldehydes

Aldehydes, -CHO

Aliphatic aldehydes

Saturated aliphatic
ketones
Aliphatic ketones
(straight chain)
Saturated aliphatic
carboxylic acid (as
monomer)
-OH (associated
carboxylic acids)
-OH (free carboxylic acid)
Carboxylic acids,
-COOH (monomer)
n-Aliphatic

2500-3300

w

3500-3580
1280-1380
1075-1190

w
m-w
w

875-960

w-m

590-675

m-w
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C=O stretching vibration. In very
dilute solution
Broad, O-H stretch, H-bonding
present, sometimes number of weak
bands in region 2500-2700 cm-1.
Band is concentration dependent.
Sharp, as monomer
O-H deformation vibration
C-O stretch
O-H···O out-of-plane deformation
vibration, usually broad
O-CO in-plane deformation

monocarboxylic acids

Acetates



465-495

m-w

1740-1750

m

1205-1265
810-910
590-665
580-620

m-s
m-s
w
w

w: weak; m: medium; s: strong
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vibration, three bands usually at
~620, ~635, and ~665 cm-1
C-C=O in-plane deformation
vibration
C=O stretch vibration. Usual range,
but may be 1730-1770 cm-1
CO-O stretch
CC stretch
C=O deformation vibration
C=O wagging vibration

B.9

Spectral Assignment for Oxalic Acid (8)

Functional Groups

Intensity

Region (cm-1)

Description

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

2900-2990
2840-2935
1410-1480

m-s
m-s
m

1280-1390

m-w

1280-1300

m

1000-1090
800-900
800-960

s-m
s
m

570-710

w

395-555

m-w

O-H stretch. Usually broad but may
be sharp, frequency is concentration
dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
asymmetric CH2 stretch
symmetric CH2 stretch
CH2 deformation vibration
CH2 wagging – alcohol OH
deformation vibration may obscure
CH2 twisting vibration – alcohol OH
deformation vibration may obscure
CCO stretch, characteristic band
CCO stretch
CH2, twisting vibration
OH out-of-plane deformation
vibration, broad
C-O deformation vibration

1715-1745

m

C=O stretching vibration

1100-1170
700-800

m-w
m-s

620-630

s-m

Saturated dicarboxylic
acids

1700-1740

w-m

-OH (associated
carboxylic acids)

2500-3300

w

-OH (free carboxylic acid)

3500-3580

w

1395-1440

w-m

1210-1320

w-s

875-970

w-m

630-800

m-w

480-680

m-w

1740-1750

m

1205-1265
810-910
590-665
580-620

m-s
m-s
w
w

C·CO·C asymmetric stretch
C·CO·C symmetric stretch
C-CO-C in-plane deformation
vibration
C=O stretching vibration, sometimes
broad; can occur at 1640-1685 cm-1
Broad, O-H stretch, H-bonding
present, sometimes number of weak
bands in region 2500-2700 cm-1.
Band is concentration dependent
Sharp, as monomer
Combination band due to C-O
stretch and O-H deformation
C-O stretch, sometimes a doublet
O-H···O out-of-plane deformation
vibration, usually broad
CO deformation vibration
CO out-of-plane deformation
vibration
C=O stretch vibration. Usual range,
but may be 1730-1770 cm-1
CO-O stretch
CC stretch
C=O deformation vibration
C=O wagging vibration

Primary alcohols,
-CH2-OH

Saturated aliphatic
ketones
Aliphatic ketones
(straight chain)

Carboxylic acids,
-COOH (dimer)

Acetates



w: weak; m: medium; s: strong
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B.10

Spectral Assignment for Formic Acid (9)

Functional Groups

Intensity

Region (cm-1)

Hydrogen-bonded O-H
(intermolecular)

3230-3550

w

Hydrogen-bonded O-H
(intramolecular)

3400-3590

w

Alcohols

570-710

w

2800-2900
2650-2745

w
s-m

1325-1450

s-m

780-975

m

2500-3300

w

3500-3580
1280-1380
1075-1190

w
m-w
w

875-960

w-m

1740-1750

m

1205-1265
810-910
590-665
580-620
2890-2970

m-s
m-s
w
w
w

1715-1730

m

1600-1750
1398
1350-1385
1333
1208
1180-1215
1150-1165
1120-1210
1060
1010-1070
650-725



m


m-s
s
w

m


620-775

m

620-775

m

230-410
~210

m


Aldehydes, -CHO

-OH (associated
carboxylic acids)
-OH (free carboxylic acid)
Carboxylic acids,
-COOH (monomer)

Acetates

Formates, H·CO-OR

w: weak; m: medium; s: strong
from 115


117

Description
O-H stretch. Usually broad but may
be sharp, frequency is concentration
dependent
O-H stretch. Usually sharp,
frequency is concentrationindependent
O-H out-of-plane deformation
vibration
C-H stretch
C-H stretch, usually ~2720 cm-1
In-plane C-H rocking vibration. Most
aldehydes: 1350-1375 cm-1
C-H deformation vibration
Broad, O-H stretch, H-bonding
present, sometimes number of weak
bands in region 2500-2700 cm-1.
Band is concentration dependent.
Sharp, as monomer
O-H deformation vibration
C-O stretch
O-H···O out-of-plane deformation
vibration, usually broad
C=O stretch vibration. Usual range,
but may be 1730-1770 cm-1
CO-O stretch
CC stretch
C=O deformation vibration
C=O wagging vibration
CH stretch
C=O stretch, usual range, but may
be 1690-1760 cm-1
C=O stretch
C-H bend
CH in-plane rocking vibration
C-O stretch
C-O stretch
C-O-C stretching vibration
C-O-C stretching vibration
CH in-plane deformation vibration
C-H bend
CO-O stretch
OCO bend
CH out-of-plane deformation
vibration
O-C=O in-plane deformation
vibration
C-O-R in-plane deformation vibration
O-H···O out-of-plane bend

- All other spectral assignments are
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